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Abstract 
 
During root canal treatment, the root canal of a tooth is prepared, disinfected and 
filled. Alkaline materials have been used in endodontics for many years mainly as 
medicament pastes rather than for obturation of the root canal system.  
 
Calcium hydroxide, the most commonly used alkaline material in dentistry, releases 
hydroxyl ions which cause disinfection of the root canal system. The first part of this thesis 
examines the use of calcium hydroxide in non-aqueous solvents and compares this to 
calcium hydroxide in traditional water-based solvents. The novel use of anthocyanin as an 
indicator allowed tracking of diffusion of hydroxyl ions through root dentine.  
 
The discovery of calcium hydroxide-induced polymerisation of certain organic 
compounds such as glycerol to form a hard setting alkaline cement opens the possibility of 
using these materials for short or long term obturation of the root canal. In the second part 
of the thesis, a bacterial leakage study was carried out to compare the sealing capabilities 
of various root filling materials including this novel hard-setting alkaline cement as well as 
mineral trioxide aggregate (MTA) cements, which release calcium hydroxide from their 
setting reaction, and traditional epoxy resin sealers.  
 
In the third part of the thesis, the root fillings were then assessed in terms of their 
removability, a parameter which is relevant both for post space preparation and in the event 
that retreatment is required. Materials were tagged with a fluorescent label and then confocal 
laser scanning microscopy was used to assess the extent of remnant material and the 
cleanliness of the root canal walls. 
 
The results from Part 1 indicated that hydroxyl ion release into root dentine is greater 
with non-aqueous solvents, resulting in a sustained level of high alkalinity within the root. 
This feature should provide longer disinfection and should therefore reduce the number of 
inter-appointment visits clinically. In Part 2, bacterial leakage studies demonstrated that 
alkaline cements had greater sealing capabilities than commonly used epoxy resin sealers. 
This is most likely due to the antibacterial actions of hydroxyl ions released from alkaline 
cements. In Part 3 of the thesis, with regards to removability using rotary instrumentation, 
the novel hard-setting calcium hydroxide cement was more easily removed than MTA 
	 3 
cements or epoxy resin sealers, with the latter coating half of the canal walls after 
instrumentation. 
 
Overall, the findings from this thesis show that while calcium hydroxide pastes based 
on water are an integral and long standing part of root canal disinfection, the potential use 
of calcium hydroxide in dentistry is wider than its current applications. The research from 
this thesis shows that calcium hydroxide in non-aqueous solvents may be suitable for use 
as a disinfecting medicament and that when incorporated into a cement it may have 
properties that are well suited to being used in obturation of the root canal.  
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1.1 Introduction 
 
Endodontic pathosis occurs as a result of remaining microorganisms within the pulpal 
space which may extend to periapical tissues. To overcome this problem, root canal 
treatment aims to eliminate the infection and then seal the root canal system to prevent 
reinfection. Remnants of microorganisms remaining within the root canal may cause 
infection to redevelop and when these persist, this can lead to endodontic failure. 
 
Various obturation materials exist in the market. These materials are used fill the root 
canal space once microorganisms have been removed and the canal has undergone 
biomechanical preparation. However, each material has its own shortcomings, which will be 
discussed below within this literature review. From such considerations, the desirable 
properties of improved materials to overcome these shortfalls will be identified. 
 
1.2 Aetiology of pulpal and periapical disease 
 
Dental caries and its consequences in terms of pulpal and periapical diseases has 
been a large public health burden for many centuries. It was not until 1883 that Miller1 
attempted to demonstrate that bacteria were involved in carious teeth. In 1891, Miller2 
commenced a series of microscopic studies on extracted teeth that showed bacteria within 
diseased dental pulp tissues. Despite the lack of a causative link, Miller’s studies 1,2 paved 
the way for the later work of Kakehashi et al.3 in 1965, which was able to prove a causal 
relationship between microorganisms and pulpal and periapical pathology. Their study 
involved exposing the dental pulp tissues in two groups of rats, with one group comprising 
conventional rats and the other group of rats raised in a germ-free environment. All teeth in 
both groups of rats were exposed to the oral microflora. Animals in the conventional group 
developed pulpal necrosis and chronic inflammation, whilst none of the germ free rats 
developed pulpal or periapical pathology.  
 
Further studies by Sundqvist 4 in 1976 followed, the findings of which were supported 
by the work of Fabricius, Moller and others,5-8 who showed that pulpal necrosis does not 
necessarily lead to periapical pathology. Moller et al.8 conducted a study on monkeys in 
1981 which showed that necrotic but sterile dental pulp tissue did not induce periapical 
pathology, which was in contrast to infected dental pulp tissue, for which there was clinical 
and radiographic evidence of periapical pathology. As such, clinical treatment for endodontic 
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pathology is focused strongly on eliminating microorganisms from the root canal system, 
and then maintaining this as an aseptic region for the remaining life of the tooth or the 
patient. 
 
1.3 Aims of root canal therapy 
 
1.3.1 Chemo-mechanical preparation 
 
The success of endodontic therapy relies upon the control of microbial infection within 
the root canal system.9 Sjogren et al.10 demonstrated a statistically significant difference in 
clinical success over a five year period according to the presence or absence of infection. 
In their study, teeth with infected or non-infected root canals were obturated. Complete 
healing was achieved in 94% of the teeth with non-infected root canals, versus only 68% of 
those still infected at the time of obturation. This finding confirmed the importance of 
eliminating microbes prior to obturation. Further studies by Zeldow et al.11 in 1963, Klevant 
et al.12 in 1983 and in particular, by Bystrom et al.13 in 1987 supported the concept that 
endodontic success is more likely to be achieved in an aseptic root canal, thus emphasising 
the importance of proper chemo-mechanical preparation of the root canal system.  
 
In the study by Bystrom et al.,13 teeth presenting with periapical lesions were 
endodontically treated with maintenance of asepsis. Some 74 out of 79 cases showed 
complete healing, with only five cases failing to demonstrate signs of healing. Two of the 
five failed cases had infection within the periapical tissues, while the other three cases had 
dentine chips within the periapical tissues which could have harboured microorganisms, and 
thus prevented complete healing. These findings were reinforced by the later work of Nair 
et al.14 who showed that persistent intra-radicular infection was a factor which predicted 
endodontic failure. 
 
Despite the goal of endodontic treatment being total elimination of viable 
microorganisms in the root canal system prior to obturation, this may not always be 
achieved, or indeed even possible. In 1996, Sjogren 15 showed that organisms were 
detected within root-filled teeth that were previously thought to have achieved asepsis. 
Multiple reasons can be offered to explain this, including intricate root canal morphology, a 
low numerical density of organisms evading cultural testing, and bacterial penetration from 
coronal leakage. This reinforces the logic of using therapeutic adjuncts such as 
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medicaments to ensure complete elimination of microorganisms and the maintenance of 
asepsis in endodontically treated teeth. 
 
1.3.2 Obturation 
 
To maintain an aseptic environment within the root canal system after chemo-
mechanical preparation, the canals are filled. The obturating material serves to impede the 
leakage of microorganisms and their by-products into the periapical tissues.16 Obturation 
generally comprises two parts, an apical portion and a coronal portion. Filling the apical 
portion of the canal inhibits bacterial ingression into the periapical tissues and reduces the 
possibility of bacteria or their products entering the microvascular system and eliciting 
inflammation. The coronal portion of the obturating material prevents re-infection of the root 
canal system via coronal leakage, by filling the entire pulp space.  
 
Apart from achieving an adequate seal both apically and coronally, both Sjogren et 
al.17 and Smith et al.18 demonstrated that precise placement of the obturating material is 
vital for achieving long-term success. Ideally, the obturating material should end within 0-2 
mm of the apex, and not extend beyond the apical foramen, since a root filling that is within 
these limits can give a favourable long term success rate of 94%. In instances of extrusion 
or overfilling during obturation, the success rate of complete healing of periapical lesions 
was found to reduce to 76%.17 This was attributed in part due to insoluble root canal filling 
materials being present in the tissues, that have the potential in some situations to cause 
an inflammatory response.19 These studies highlight the point that obturating materials 
should not only seal the canals apically and coronally, but should be placed properly so that 
complete healing of periapical lesions can occur. The studies above however are focused 
on gutta percha. Biocompatible cements such as MTA or bioceramic materials have been 
used successfully in clinical practice for apexification and retrograde treatment. These place 
the material in direct contact with periapical tissues without eliciting an inflammatory 
response. 
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1.4 Obturating materials 
 
1.4.1 Ideal properties of an obturating material 
 
Adequate sealing of root canal spaces is the most important feature to ensure long-term 
success of root canal treatment. Ideally, according to Grossman,20 an obturating material 
should possess the following properties: 
 
1. The material should be easily introduced into the root canal. 
2. It should seal the canal laterally as well as apically. 
3. It should not shrink after being inserted. 
4. It should be impervious to moisture. 
5. It should be bactericidal, or at least, should discourage growth. 
6. It should be radiopaque. 
7. It should not stain tooth structure. 
8. It should not irritate periradicular tissue or affect tooth structure. 
9. It should be sterile, or easily and quickly sterilised immediately before insertion. 
10. It should be easily removed from the root canal if necessary. 
 
While various materials exist in the market, no one material has exhibited all of these 
properties and shown long term success, and thus there is a need for continued research in 
this field. 
 
1.4.2 Commonly used obturating materials 
 
The obturating materials used to fill and seal the prepared root canal space may 
consist of either a single homogeneous unit known as a bulk obturating material, or be used 
in a combination approach, with an obturating material core and a sealer. The combination 
approach is often referred to as an obturation system. Commonly used bulk obturating 
materials or obturation systems are discussed below. 
 
1.4.2.1 Gutta percha 
 
Gutta percha (GP) is a common root canal obturating material that is used in 
conjunction with resin and eugenol-based sealers, with high clinical success. It possesses 
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some useful properties such as adaptability, and the ability to be plasticised or softened. It 
is dimensionally stable, radiopaque, easily removed, and bio-compatible. Although 
variations exist in composition of GP between manufacturers, a typical composition of GP 
is 20% natural rubber (gutta percha), 66% zinc oxide filler, 11% heavy metal sulphates (such 
as barium sulphate) as radiopaque agents, and 3% wax/resins and colouring agents.  
 
Due to the lack of any adhesive properties and the inability of a preformed point or 
cone to complete the three-dimensional obturation of the prepared canal, GP is generally 
combined with a sealer (such as those based on epoxy resins, such as AH26™ or AH-
Plus™). GP can easily be removed by using solvents such as chloroform and essential oils 
such as eucalyptol, when retreatment procedures are required. Because GP is biologically 
inert and has weak 21 or no antimicrobial properties, a high quality of chemo-mechanical 
preparation is vital prior to obturation.  
 
1.4.2.2 Resin-based obturation systems 
 
Resin-based obturation systems are relatively new, and are intended to improve on 
attributes such as adhesion to dentine. Few studies 22,23 have evaluated the potential of 
using dentine bonding agents and resins as obturation materials in nonsurgical root canal 
treatments. Issues with using resins include concerns of bond stability over time, release of 
products such as bisphenol A, clinically challenging methods for delivery into the root 
system, and an inability to re-treat the canal if necessary. Furthermore, resin-based 
materials undergo substantial polymerisation shrinkage, resulting in large voids, which 
compromise their ability to achieve a seal.24 
 
Introduced in 2004, Resilon™ is a thermoplastic synthetic polymer core which is 
bonded to a resin-based sealer (Epiphany™). The resulting complex is bonded to the root 
dentine by a resin-based primer, thus forming a ‘monobloc’. The intent of a monobloc 
approach is to form a total seal from the crown through to the apex with adhesion to dentine, 
thus reducing bacterial ingress pathways and strengthening the roots to a certain extent. 
Studies by Baba et al. 25 have shown that teeth obturated with Resilon™ had a higher 
resistance to fracture compared to those obturated with GP with an epoxy resin sealer, due 
to the inability of the latter to bond to dentine. Resilon™ performs clinically similarly to GP, 
and it can be dissolved if necessary should its removal be necessary. 
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Conflicting results exist regarding the antimicrobial properties of resin-based 
obturation systems. Bodrumlu and Semiz 26 reported that resin based sealers such as 
Epiphany™ offered no antibacterial properties. However, studies by Nawal et al.,27  Siqueira 
et al.,28 and Leonardo et al.29 have shown otherwise. According to Nawal et al.,27 the 
antimicrobial effect of resin-based sealers may be related to bisphenol diglycidyl ether which 
is a mutagenic component of resin-based materials. Furthermore, polymerisation of resins 
results in some level of formaldehyde release which may contribute towards short term 
antimicrobial properties.29 Clinically, epoxy resins such as AH26™ are used commonly in 
conjunction with GP to form a homogenous seal, however it is unclear whether any of the 
formaldehyde released provides significant therapeutic benefits. 
 
1.4.2.3 Glass-ionomer based obturation systems 
 
Glass-ionomer cements (GIC) are biocompatible, release fluoride, bond chemically 
to dentine, and have been widely studied for their applications in endodontics.30 GIC is the 
product of an acid-base reaction between a basic fluoro-alumino-silicate glass powder and 
polycarboxylic acid in the presence of water.  
 
Unlike resin-based materials which bond via micromechanical retention, GIC 
chemically bonds to dentine. In terms of antimicrobial properties, GIC leaches fluoride which 
may provide a therapeutic antimicrobial effect. Shalhav et al. 31 showed that GIC possesses 
a very potent and diffusible antibacterial activity which is short-acting only. 
 
According to an extensive review of the use of GIC in endodontics by Mohammadi 
and Shalavi 30 in 2012, GIC can be used effectively as a root canal sealer, root-end filling 
material, intra-orifice barrier, perforation repair material and most commonly as a temporary 
coronal restoration. 
 
1.4.2.4 Mineral Trioxide Aggregate 
 
Mineral trioxide aggregate (MTA) is a calcium silicate-based material developed 
initially for surgical root repair procedures. It is essentially Portland cement modified by the 
inclusion of bismuth trioxide as a radiopacifier.32,33 MTA has been found to be a 
biocompatible material, and it can induce mineral formation. For these reasons, MTA is used 
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increasingly for root-end fillings, perforation repairs, pulp-capping and pulpotomy as well as 
for apexification treatments.32-34 
 
There is evidence in the literature that through the formation of calcium hydroxide as 
a reaction end product, MTA can exert an antibacterial effect against Enterococcus faecalis, 
the endodontic pathogen most frequently found in failed endodontically treated teeth. These 
effects however are heavily reliant on the composition and powder-to-liquid ratio of the MTA 
cement used.32 
 
Drawbacks of MTA include its long setting time, discolouration of root structure from 
bismuth trioxide, high cost, significant setting expansion, inconsistent particle size, high acid 
solubility, and heavy metal content. These concerns make conventional MTA cements 
unsuitable for use as a bulk obturating material.33,35,36 Furthermore, removal of MTA for 
retreatment is difficult because of its hard rigid nature when set. There is no known solvent 
for set MTA,36 and investigations involving the use of ultrasonic and rotary instruments have 
shown incomplete removal.37 Some efforts are being made to overcome these shortcomings 
by adjusting the composition of MTA to alter its characteristics. There have been recent 
developments within the group of MTA materials to extend their range of applications to 
include use as a root canal sealer in conjunction with GP. Assessment of the performance 
of such sealers has shown mixed results in terms of sealing capabilities in comparison to 
conventional epoxy-based sealers.38-40 The use of MTA as a bulk obturating material 
however has not been properly established due to the difficulties in removing MTA. 
 
Despite promising results in human studies involving MTA, there is a need for more 
well-designed and controlled clinical studies, particularly those of a longitudinal nature.32 
 
1.4.2.5 Other Calcium-based Alkaline cements 
 
Alkaline cements are typically based on calcium hydroxide, and are also used in both 
restorative dentistry and endodontics. Calcium hydroxide is known to exhibit antimicrobial 
properties (being both bactericidal and bacteriostatic) due to its high release of hydroxyl 
ions, which then create a high pH level which is unfavourable for the survival of 
microorganisms.41 Calcium hydroxide products are used widely as medicaments for interim 
dressings and as part of the chemo-mechanical preparation of the root canal system prior 
to obturation.41 Most calcium hydroxide materials are not suitable as bulk obturating 
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materials as they do not set, lack strength, can be soluble, and may become porous over 
time. 
 
In 1967, Bernard 42 introduced calcium oxide as a bulk obturating material. The 
literature regarding calcium oxide identifies some desirable qualities. Calcium oxide in the 
presence of water forms calcium hydroxide which then exerts antimicrobial properties 
through hydroxyl ion release when in contact with water. As water is absorbed, the material 
expands to enhance the seal. Calcium oxide itself was claimed to diffuse into dentine tubules 
by Guigland et al.,43 which was thought to give micromechanical intratubular attachment. 
Furthermore, the calcium hydroxide formed can over time react with available carbon dioxide 
to form calcium carbonate within the canals, forming a solid stable calcium carbonate based 
obturating material.42 A prospective study by Koral 44 assessed comfort, function and 
radiographic signs of healing, and reported 89% success at 3 years when calcium oxide 
was used as a bulk obturating material.  
 
Nevertheless, certain notable shortcomings have prevented calcium oxide materials 
from gaining significant uptake for clinical usage. Due to the absorption of water, the calcium 
hydroxide molecules formed are significantly larger than initial calcium oxide molecules 
placed. This generates excessive lateral forces leading to increased numbers of root 
fractures, as first identified by Meryon and Brook 45 in an unrelated study, but later confirmed 
by Goldberg et al.46 in a study in which 3 out of 15 teeth filled with calcium oxide suffered 
vertical fractures. Goldberg et al.46 also noted that the remaining teeth that were not 
fractured showed similar leakage results to GP, which nullifies the suggestion that calcium 
oxide provides a better seal. The significant potential risk of root fracture remains a major 
barrier to its use.46 Other drawbacks include the lack of radiopacity and considerable 
exothermic activity whilst setting.44  
 
A new category of alkaline calcium cements based on calcium-bridged organic 
polymers formed in the absence of water (termed Supercal) have been developed recently, 
with the aim of providing a permanent bulk obturating material whilst maintaining the 
therapeutic benefits of calcium hydroxide-based materials.47 This material is based on 
calcium hydroxide combined with a glycerol-based solvent instead of water, allowing for 
initial dissolution of higher amounts of calcium hydroxide than could be achieved in any 
water based material because of the low solubility of calcium hydroxide in water and the 
inherent limitations of the common ion effect (with hydroxyl being the common ion shared 
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by water and calcium hydroxide). Immediately after dissolution into glycerol, the hydroxyl 
ions trigger a polymerisation reaction giving a dense rigid material, within which is trapped 
freely available excess calcium hydroxide which has not been incorporated chemically into 
the set cement.  
 
Therapeutically, the initial dissolution step results in increased hydroxyl ion release 
with a pH of at least 13, thus providing an initial antimicrobial activity, which is then 
maintained over time when water or moisture comes into contact with the set material. Due 
to the elimination of water and the use of a humectant which maintains water levels in 
adjacent tooth structure, dehydration problems are eliminated. In the short term, this gives 
desirable handling properties as the material when mixed has a creamy consistency. When 
the setting reaction is complete, the material sets hard and so may be used as a bulk 
obturating material. Unlike calcium oxide materials, the setting reaction is much less 
exothermic, and the linear expansion is not significant.47 
 
1.5 Coronal leakage and methods of assessing leakage 
 
Preventing recontamination of the root canal system during and after endodontic 
treatment is of the utmost importance. As a result, a plethora of studies have investigated 
the sealing ability of both coronal restorations and root canal fillings. In 1993, Wu and 
Wesselink 16 reported that 1 in every 4.3 endodontic articles published in 1990 involved 
leakage studies, which emphasises the importance of leakage prevention in endodontics. 
Despite the common aim of detecting leakage, various methods have been employed in the 
literature, resulting in a lack of technique standardisation.48 The most popular methods will 
be discussed below. 
 
1.5.1 Dye Penetration Test 
 
This methodology was first reported by Grossman 49 in 1939. Because of its 
simplicity, it has been widely used. The method involves immersing teeth in various types of 
dyes as a tracer, including eosin, methylene blue, black India ink, and Procion brilliant blue 
amongst many others.48 The dye penetration test relies on the capillarity effect for assessing 
apical leakage which occurs as the tooth apex is submerged in the dye solution that 
penetrates through any spaces between the canal walls and the root filling material, and its 
linear penetration into the root canal can be recorded.48,50 
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A large number of studies have used methylene blue as the tracer dye as it is 
inexpensive, easy to manipulate and produces strong staining.48 Ahlberg et al.51 supported 
this statement by concluding that methylene blue penetrated deeper into accessory canals 
and dentinal tubules than India ink of a larger particle size. Furthermore, Kersten and Moorer 
52 suggested that methylene blue had similar leakage as butyric acid, a microbial metabolic 
product, because of its low molecular weight, which could also allow it to be a suitable 
analogue or tracer for bacterial endotoxin penetration. Unfortunately, methylene blue dye 
has several disadvantages, including dissolution during the demineralisation and clearing 
steps of slide preparation, resulting in difficulties observing its maximum penetration point 
in certain cases.53 Methylene blue is also commonly used in an acidic aqueous solution 
which may demineralise dentine within the canal during placement, resulting in greater 
leakage and false positive results.16 
 
India ink is another tracer dye that is used widely. Its small particles have a diameter 
smaller than or equal to 3 µm. It was believed that bacterial invasion is unlikely to occur in 
spaces where this dye cannot penetrate inside the canal.53 With a pH of 7.6, solutions of 
this ink overcome limitations seen with methylene blue where demineralisation of canal 
dentine may cause false positive staining to occur.54 However, there is no direct relationship 
between the size of India ink particles and the size of bacteria known to be present in root 
canals, hence this tracer is not a true representation of bacteria.48 Ahlberg et al.51 however 
noted that India ink is available in different particle sizes ranging up to 10 µm, so at the larger 
particle sizes it is larger and less effective as a tracer than methylene blue. 
 
Dye penetration along root canal fillings may be hindered by the presence of 
entrapped air in voids. Although dye tracers can move passively via diffusion in water-filled 
gaps or capillary action in dry-filled gaps,48 Spangberg et al.55 found that passive dye 
penetration resulted in incomplete void filling in comparison to vacuum dye delivery which 
resulted in complete void filling, regardless of void size. This was further confirmed by 
Wimonchit et al.56 and Goldman et al.57 who showed that the application of tracer dyes under 
vacuum resulted in significantly more dye penetration than passive methods. The results of 
these studies emphasise the importance of using reduced air pressure in dye penetration, 
something which was also recommended by Wu et al.58  
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The work of Oliver and Abbott 59 proposed that centrifugation may be used to produce 
a more precise result for identifying voids using tracer dyes. In the same study, the authors 
agreed with Goldman et al.57 that passive dye leakage studies were unreliable, and that the 
vacuum method in which all air is removed is the most reliable method for dye penetration 
studies. Nevertheless, there is no consensus on this point. Peters and Harrison 60 noted in 
1992 that the use of vacuum alone was insufficient to produce reproducible and comparable 
dye penetration. Masters et al.61 noted the same results with no significant difference being 
found with or without the use of vacuum. Katz et al.62 also noted the lack of difference with 
vacuum versus no vacuum, however there was an increase in leakage when the tooth was 
placed  vertically as opposed to being positioned horizontally. Thus, the authors stated that 
tooth positioning was important, and they emphasised the need for standardisation when 
undertaking leakage studies in endodontics. 
 
1.5.2 Bacterial Penetration 
 
In 1929, Fraser 63 used a bacterial challenge to study the leakage of filling materials. 
The use of bacteria rather than dyes is clinically more relevant. Beach et al.64 claimed that 
bacterial leakage was more informative than the leakage of dyes or isotopes as it is the 
presence or absence of bacteria within the root canal that ultimately determines the failure 
or success of endodontic treatment. Furthermore, dyes and isotopes are often much smaller 
than intact bacteria or bacterial by-products, and thus they do not simulate clinical aspects 
of microbial leakage.48,65 Another important factor that dye and isotope leakage studies do 
not take into account is the antimicrobial properties possessed by the root canal obturating 
material, such as the release of hydroxyl ions or formaldehyde.66 
 
Bacterial leakage studies are performed most often by exposing root filled teeth to 
bacteria, and then determining the extent of bacterial penetration. Bacterial leakage may be 
determined by a visual change in a sterile growth medium at the apex of the root,67 by 
culturing the specimen after exposure 68 or a combination of both methods. Nevertheless, 
the results are essentially binary (growth or no growth) over time, meaning that samples 
need to be examined regularly (e.g. daily) to give quantitative (survival) data rather than 
qualitative data.69 
 
Microorganisms used in leakage studies may be obtained via exposure to human 
saliva.66-68 This is of direct clinical relevance as human saliva contains as many as 700 
	 29 
different bacterial species, as well as enzymes not found in pure culture models which can 
break down certain sealers.70 Bacterial mono-cultures are another approach, within which 
one bacterial species is selected for study, such as with Enterococcus faecalis commonly 
used as this is the most frequently recovered from failed root canal treatments,71,72 or 
Fusobacterium nucleatum because this is found commonly in periapical lesions.73,74 The 
single species method may be of use particularly when developing products with properties 
that target a specific species of bacteria. 
 
Nevertheless, bacterial penetration studies in the laboratory setting do not account 
for dynamic elements such as salivary flow and thermodynamic events which are present in 
vivo as teeth are exposed to changing temperatures. On the other hand, in vitro studies of 
microbial leakage allow issues such as cross-contamination to be addressed and in general 
they are not limited by time. 
 
1.5.3 Fluid filtration techniques 
 
The fluid filtration technique or fluid transport model involves a liquid dye being forced 
under pressure around the margins of the material to be tested. A clear tube containing the 
fluid is connected directly to the specimen, the flow of which is followed by observing the 
movements of bubbles prior to the application of pressure. Movement of the air bubble will 
indicate flow of fluid through the margins which may correlate to leakage. Derkson et al.75 
introduced this method for measuring micro-leakage around coronal restorations in 1986. 
Wu et al.76 then adapted this technique specifically for endodontic leakage studies in 1993. 
However their study was problematic in that bacterial penetration was not evident despite 
leakage being observed via the fluid transport method.  
 
According to further studies by Wu et al.58 in 1994, the fluid transport method has 
greater sensitivity than dye penetration. In cases where a dye penetration method is 
preferred, the fluid transport approach may still be used, with pressure applied followed by 
diffusion of dye particles. This technique requires less pressure than forcing the dye particles 
under air pressure, thus reducing the risk of damage to the filling and causing an increase 
in the depth penetrated by dye particles. Another advantage of this technique is that the 
results can be observed externally without sectioning the tooth, hence longitudinal studies 
on the same specimen can be conducted. 
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1.5.4 Radioisotopes 
 
Radioactive isotopes can be used as tracers instead of dye particles in leakage 
studies. Due to the smaller size of ions compared to dye molecules, radioisotopes tend to 
diffuse more rapidly and deeper.77 After exposure of the tooth to the radioisotopes, the tooth 
is sectioned and penetration of the tracer detected via autoradiography. Unfortunately, 
because autoradiography gives an image as a result of the pattern of emissions from the 
tracer as it decays, the data must be interpreted qualitatively rather than numerically. 
Furthermore, the ionic form of certain radioisotopes such as those of calcium may bind to 
dentine, resulting in false positives.78 Radioisotopes share similar limitations as dye 
penetration tests, such as the lack of clinical significance due to their smaller size and the 
inability of these tests to assess antimicrobial properties. They also suffer from the need for 
specialised equipment and safe disposal systems for the isotopes used. 
 
1.6 Performance of obturating materials in leakage studies 
 
1.6.1 Gutta percha 
 
GP as the most commonly used root canal obturating material is the benchmark 
against which most new materials are compared. Due to the limitations mentioned 
previously, GP is generally used as points or cones, and paired with a sealer such as an 
epoxy resin. Most leakage studies have used GP as their benchmark for performance. 
 
1.6.2 Resin-based obturation systems 
 
As mentioned previously, Resilon™, a thermoplastic obturating material core 
combined with a resin sealer (Epiphany™) was developed to form a ‘monobloc’ whereby 
the sealer can bond to the obturating material core. Resilon™ has been subjected to 
numerous studies to determine if its sealing abilities are superior to GP, and these studies 
have utilised various methods of assessing leakage. 
 
In 2004, Shipper et al.79 conducted a bacterial leakage study using Streptococcus 
mutans and Enterococcus faecalis to compare GP/resin-based sealer against 
Resilon™/resin-based sealer. The study concluded that Resilon™ provided a superior seal, 
with more than 80% of the GP specimens showing leakage. Further bacterial leakage 
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studies by Bodrumlu and Tunga 80 in 2007 and Shashidhar et al.81 in 2011 produced 
comparable findings which agreed with this earlier result. Dye penetration studies by Kqiku 
et al.82 in 2011 and Fathia et al.83 in 2012 also showed that Resilon™ provided a superior 
seal to GP. 
 
A recent bacterial leakage study by Kangarlou et al.84 noted no significant differences 
between Resilon™/Epiphany™ and GP/AH26™. Oliveira et al.85 also conducted bacterial 
leakage studies with GP and various sealers as well as with the Resilon™/Epiphany™ 
system. In their study, GP with AH-Plus™ provided a better seal than the 
Resilon™/Epiphany™ system.  
 
A study by Tay et al.86 using a silver tracer showed that both Resilon™/Epiphany™ 
and GP/AH-Plus™ did not give a completely airtight seal, with neither material having any 
advantage. This study however identified some concerns regarding the sealing ability of 
Resilon™. In the event that a hermetic seal is not established, bacteria could cleave the 
ester bonds of polycaprolactone in Resilon™, causing the material to undergo 
biodegradation. 
 
Despite the numerous studies which have been performed employing various 
methods of assessing leakage, there is no clear consensus regarding whether or not 
Resilon™ provides a superior seal to GP. Fathia et al.83 acknowledged the differences in 
methodology employed between leakage studies, and suggested that clinical data be used 
to provide a more solid base of evidence than laboratory studies. 
 
1.6.3 Glass-Ionomer Cements (GIC) 
 
Unlike most materials which bond via mechanical means, GIC chemically bonds to 
dentine. This is thought to provide a better seal as GIC is more tolerant of a moist 
environment. GIC has similar expansion to dentine, and can reform chemical bonds if these 
are disrupted. 
 
The use of GIC as a root canal sealer has been examined in many studies. Smith 
and Steiman 87 conducted a dye leakage study which showed that GIC have significantly 
more leakage than zinc-oxide-eugenol sealers. However, further dye penetration studies by 
Brown et al.,88 and Friedman et al.89 found that treatment results were comparable with other 
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sealers, and consequently they supported the use of GIC clinically as a sealer. In 2000, 
Friedman et al.90 conducted an animal in vivo study which demonstrated the superior 
coronal sealing ability of GIC over zinc-oxide-eugenol sealers, which further validated the 
use of GIC as a root canal sealer. 
 
In an extensive review by Mohammadi and Shalavi,30 the authors assessed many 
studies which had compared GIC to other commercially available sealers, and concluded 
that although the shear bond strength of GIC to dentine is inferior to resin-based sealers, 
GIC may still be used effectively as a root canal sealer. 
 
1.6.4 Mineral Trioxide Aggregate (MTA) 
 
MTA is used widely for root-end fillings due to its hard tissue induction abilities as 
well as its antibacterial properties against Enterococcus faecalis. According to Oliveira et 
al.,85 MTA-based sealers have the most leakage in comparison to conventional sealers. In 
contrast, Sonmez et al.91 compared the sealing ability of the epoxy resin AH-Plus™ to MTA 
using dye penetration, and found that their sealing abilities were similar. 
 
Due to the difficulties in removing MTA for retreatment purposes, this material has 
not been widely used as a bulk obturating material. Instead, its preferred uses clinically are 
as a root-end filling material in surgical retreatment and other cases where hard tissue 
regeneration is intended. Consequently, the literature regarding leakage of MTA as a bulk 
obturating material is limited. 
 
1.6.5 Other Calcium-based Alkaline cements 
 
Alkaline cements based on calcium hydroxide have been used in endodontics 
because of their antimicrobial properties, however their interactions in aqueous solutions 
are problematic with the material being porous and unsuitable as a permanent root filling 
material.  
 
Nevertheless, certain calcium-hydroxide based sealers have been formulated, 
namely Sealapex™. A recent study by Ersahan and Aydin 92 comparing common root canal 
sealers showed that Sealapex™ gave more microleakage than AH-Plus™. In addition, this 
same study reported that Sealapex™ exhibited significantly higher solubility than the other 
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sealers. Joseph and Singh 93 conducted a dye penetration test under centrifugation which 
resulted in similar observations, with Sealapex™ again giving more leakage than AH-
Plus™. 
 
As mentioned previously, calcium oxide obturating materials are not used commonly 
in clinical practice due to their excessive expansion causing root fractures. A study by 
Ghaziani and Sadeghi 94 in 2008 showed that a calcium oxide material (Biocalex™) had 
potential for use as a root-end filling material. Its expansion during setting and the extent of 
dentine penetration was thought to maximize the hermetic seal. Biocalex™ has shown less 
leakage compared to MTA and amalgam when used as a root-end filling material. However, 
these results have come from in vitro studies, and further in vivo testing is needed. 
 
1.6.6 Supercal  
 
Pilot studies by Beddow 95 on the original SC-1 version of Supercal™ (Ozdent, Castle 
Hill, Sydney, Australia) without any radiopacifier added showed superior performance over 
non-setting calcium hydroxide paste materials and GP/AH26™ in terms of bacterial leakage. 
Early variants of Supercal™ also showed minimal expansion in comparison to calcium oxide 
materials due to the elimination of water in Supercal™. These studies however were 
conducted with experimental compositions which have since been altered to give greater 
radiopacity and improved handling properties. These changes in composition require further 
exploration in terms of their tendency to allow leakage.  
 
1.7 Ease of removal 
 
Despite a high success rate of approximately 86% in first-time endodontically treated 
teeth, retreatment is inevitable in certain cases.96 Ease of removal is also an important 
consideration for the preparation of a post-space, which involves removal of the existing root 
filling material and sealer. The methods used to remove root filling materials include 
mechanical, thermal and chemical means, as well as a combination of the three.97  
 
Chloroform is the most efficient organic solvent for GP and a variety of other root 
canal sealers.98 Resilon™ was developed to improve upon GP whilst maintaining similar 
retreatment methods. Although studies comparing the dissolution rate of GP and Resilon™ 
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with chloroform have shown conflicting results, it appears that both materials can be 
removed for retreatment.98-101 
 
Removal of MTA is very difficult as this material sets to a greater hardness than tooth 
structure. To date, there is no known solvent for set MTA. Although the set material is known 
to dissolve under strong acidic challenges (e.g. concentrated hydrochloric acid), applying 
such strong corrosive acids into the root canal is not considered safe or feasible for clinical 
use.36 Investigations involving the use of ultrasonic and rotary instruments to remove MTA 
have shown incomplete removal.37 There is also an inherent risk of a diamond or tungsten 
carbide drill wandering into adjacent dentine during attempts to remove MTA. 
 
Calcium hydroxide is commonly used as an inter-appointment medicament hence 
studies regarding its removability are limited. Due to the aqueous composition of most 
materials of this type, calcium hydroxide pastes based on water as the solvent can 
dehydrate over time. They must be removed prior to obturation to ensure adequate 
adaptation of the permanent root filling materials to the walls of the root canal.102 
Lambrianidis et al.103,104 reported that no method can efficiently remove water-based calcium 
hydroxide pastes from the canal walls. This was confirmed by Salgado et al.105 but the 
authors also stated that removal can be improved by combining irrigation with recapitulation. 
The thick viscosity of the paste and its cellulose filler, and the possibility of calcium carbonate 
conversion over time because of reaction with ambient carbon dioxide are possible factors 
increasing the difficulty in removing water-based calcium hydroxide pastes.106 Medicaments 
containing polyethylene glycol (PEG) as a carrier with little or no water however have been 
demonstrated to be easier to remove from canals than water-based pastes.106 
 
1.8 Calcium hydroxide in endodontic medicaments 
 
Calcium hydroxide as an antibacterial agent is well known in endodontics in the form 
of a water-based paste, but its use with non-aqueous solvents is not well documented. 
Studies in the past have explored the use of non-aqueous solvents in endodontic pastes as 
an alternative vehicle to alter viscosity.107,108 Fava and Saunders 108 reviewed multiple 
calcium hydroxide vehicles ranging from aqueous solvents to oils, but without analysing the 
underlying chemistry and reactions of the solvents, concentrating instead on their physical 
properties as a thickener. It was proposed that using a more viscous solvent would improve 
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clinical handling and slow the rate of hydroxyl ion release, giving an increase in therapeutic 
window and reducing the frequency needed for re-dressing the canal. 106 
 
However, it is now recognised that many non-aqueous liquids are not merely passive 
vehicles, but may contribute actively to the chemical and biological properties of the paste. 
Certain non-aqueous solvents such as propylene glycol, polyethylene glycol (PEG) and 
glycerol allow enhanced dissolution of calcium hydroxide, giving enhanced release of 
hydroxyl ions.47,109 
 
Because non-aqueous solvents were viewed mainly as thickeners or alternative 
vehicles for calcium hydroxide, most past studies have standardised the amount of calcium 
hydroxide in different solvent preparations. These studies did not however take into account 
the enhanced dissolution of calcium hydroxide which could occur in certain non-aqueous 
solvents, thus raising the possibility of these compositions not being completely saturated 
with calcium hydroxide. Furthermore, the ability of calcium hydroxide to react with and form 
polymers with certain non-aqueous solvents such as glycerol alters the dynamics of hydroxyl 
ion release. In addition, a number of non-aqueous solvents, such as polyethylene glycol 
(PEG), may have in their pure form a slightly acidic pH,109 which could lead to the erroneous 
conclusion that they may lower the pH 110 rather than elevate it. 
 
E. faecalis is a common resistant species in root canal therapy that possesses 
multiple survival factors making it an important target in order to achieve complete root canal 
disinfection. E. faecalis has natural resistance, both intrinsic and acquired, to many 
antibiotics.111-113 It forms dense biofilms which impair the penetration of antibiotics. Unlike 
other microorganisms, E. faecalis can live and persist in harsh environments by reducing its 
metabolic activity in a quiescent non-cultivable phase for extended periods of time.113 This 
allows remnant bacteria that have survived the initial disinfection phase to repopulate the 
canal causing future failures in root canal treatment. 
 
A saturated aqueous solution of calcium hydroxide is easily buffered by dentine, as 
has been seen when dentine powder is added to saturated calcium hydroxide solutions.114 
The resistant microorganism E. faecalis is able to survive and form biofilms in a pH 10 
environment by acidifying the cytoplasm through a proton pump, but is inactivated by 
alkaline environments at pH values around 11.5 to 11.9.115,116 Achieving greater dissolution 
of calcium hydroxide in non-aqueous solvents is therefore important as this can increase 
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hydroxyl ion availability resulting in sustained levels of high pH in radicular dentine, even 
when dentine buffering is occurring. 
 
There have been concerns regarding the use of calcium hydroxide and a reduction 
in the fracture resistance of teeth, particularly in immature teeth when apexogenesis is 
pursued. Andreasen et al.117 concluded that the use of calcium hydroxide in a canal for more 
than 30 days had the potential to reduce the fracture resistance of teeth. In 2015, Hawkins 
et al.118 ran a similar study for 6 months and reported no significant effect on fracture 
resistance. These studies however used immature sheep teeth which may not correlate with 
the behaviour of human teeth. Moreover, being immature teeth, the dentine may have been 
at a less mineralised state than an adult tooth. Karapinar-Kazandag et al.119 conducted a 
study using mature human teeth instead which were modified at the apical third to mimic 
immature root apices, thus standardising the level of dentine mineralisation. These 
investigators again found no statistical difference between the roots treated with calcium 
hydroxide followed by MTA and the control group. 
 
1.9 Conclusion and significance 
 
After reviewing a range of commonly used root canal materials in the literature, it is 
evident there is no one material that can satisfy all the ideal criteria. Since the literature 
indicates that the majority of long term endodontic failures result from leakage of materials, 
resistance to leakage of bacteria is an essential characteristic. Release of hydroxyl ions may 
help address inadequate chemo-mechanical preparation, by limiting or preventing 
reinfection of the canal. Although GP has shown long term success and is the mainstay of 
obturation, its lack of overt antimicrobial properties and inability to adhere to dentine has 
prompted the development of new materials, each with their own merits and limitations. 
Alkaline cements may have antimicrobial properties, but there is a lack of evidence around 
their performance and durability as a permanent root filling material. It is imperative that 
further assessments and product developments occur so that there are materials available 
that are antimicrobial, result in minimal leakage, and are dimensionally stable.  
 
With the use of alkaline cements incorporating glycerol as both the solvent and 
primary reactant, it is believed that the dehydration issues leading to leakage and 
dimensional instability should be reduced, whilst providing the therapeutic benefits of 
alkaline cements such as MTA. While pilot studies using alkaline cements have shown 
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improvements over other common materials, further leakage studies are needed, as well as 
assessments of how the various materials can exert pH effects across dentine, and how 
easy they are to remove. These questions form the basis of the experiments described in 
this thesis.  
 
Ideally, the use of improved obturating material materials enhance treatment 
outcomes and simplify the steps required for treatment. One-stage endodontic treatment 
process whereby chemo-mechanical debridement and subsequent obturation of the 
prepared canal are carried out in a single visit. This technique is employed commonly in 
teeth with vital pulp whereby the bacterial contamination is largely concentrated in the 
coronal pulp with radicular pulp in a sterile state,120 hence an inter-appointment dressing 
would not be needed. Multiple-stage endodontic treatment involves an inter-appointment 
dressing between the chemo-mechanical debridement and obturation stages. This 
approach has been used in teeth with longstanding lesions, to allow time for medicaments 
to disinfect the canal prior to obturation with an inert root filling material. Although the 
literature suggests little evidence of multiple-stage endodontic treatment being more 
successful, the use of pain killers is less likely compared to single-visit endodontic treatment 
121 and the continuous antimicrobial effects of calcium hydroxide released from the 
permanent root filling material is more reassuring for clinicians.122  
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1.10 Hypothesis and aims 
 
Hypothesis 
 
Given that calcium hydroxide release provides elevated pH effects and antimicrobial 
actions, it is also hypothesised that non-aqueous compositions of calcium hydroxide will give 
greater pH elevations in root dentine than water-based compositions. Moreover it is 
hypothesised that calcium hydroxide containing and releasing materials will provide superior 
performance compared to inert gutta percha/resin-sealer conventional obturation systems 
in terms of coronal leakage. Finally, it is hypothesised that calcium hydroxide-based 
materials will be easier to remove than other hard setting alkaline cements such as MTA. 
 
Aims 
 
1. To investigate the effects of hydroxyl ion diffusion that occur in root dentine over time 
with different calcium hydroxide vehicles placed in the canal. 
2. To determine differences in coronal leakage of hard-setting alkaline cements and 
conventional obturation systems comprised of gutta percha and epoxy resin. 
3. To assess the ease of removal of the various root filling materials from the root canal 
space for retreatment and post-space preparation. 
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Chapter 2. 
 
 
 
 
The influence of aqueous and PEG 400 solvent 
vehicles on hydroxyl ion release from calcium 
hydroxide medicaments. 
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2.1 Introduction 
 
Hydroxyl ion release from calcium hydroxide is responsible for the key attributes of 
broad spectrum antimicrobial activity, penetration into biofilms, inhibition of endotoxins, and 
dissolution of organic tissues.41,108,123 The maximum solubility of calcium hydroxide in water 
at 25°C is only 0.159 g/100 mL (0.16%), and this reduces to 0.140 g/100 mL (0.14%) at 
40°C, with an accompanying decrease of 0.033 pH unit/°C with increasing temperature.124 
Calcium hydroxide is much less soluble in water than sodium hydroxide or potassium 
hydroxide, however both the latter are too caustic to soft tissues for clinical use.125 
 
To gain the greatest antimicrobial actions, release of hydroxyl ions from endodontic 
pastes must be optimised. Traditional water-based calcium hydroxide pastes have a long 
history of clinical use, with Pulpdent™ paste (Pulpdent Corporation, Watertown, 
Massachusetts, USA) having been on the market since 1947. In products with a water-based 
vehicle (e.g. distilled water or saline), the common ion effect operates, since water already 
contains some free hydroxyl ions. Most calcium hydroxide endodontic pastes which are 
water-based contain a large excess of calcium hydroxide, well beyond that which can be 
dissolved.41 Placing calcium hydroxide into water in amounts above the solubility limit will 
not elevate the pH which can be achieved, since no further material can dissolve. The 
undissolved material will act as a filler or thickener in the paste, and as hydroxyl ions diffuse 
into the surrounding environment, it can also act as a reservoir.41 
 
There is a long history of the use of non-aqueous liquids in endodontic pastes, going 
back to the mid-1970s when components such as polyethylene glycol (PEG) 400 were 
added to alter the viscosity to improve the clinical handling of the paste. As an example, the 
1976 formulation of a calcium hydroxide paste (Calen™) included both PEG 400 and 
colophony resin, with the latter being a thickening agent. Other viscosity modifiers used in 
calcium hydroxide pastes have included glycerol and propylene glycol.108 It is now 
recognised that such non-aqueous liquids are not merely passive agents, but may actively 
contribute to the chemical and biological properties of the paste, by enhancing dissolution 
of calcium hydroxide and release of hydroxyl ions. PEG 400 is used in contemporary 
endodontic pastes which contain calcium hydroxide, calcium hydroxide plus ibuprofen, or 
antibiotics and corticosteroids. 
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The aim of the present study was therefore to assess the hydroxyl ion release of 
calcium hydroxide in various solvents with a particular emphasis on hydroxyl ion penetration 
into dentine at different depths and duration of therapeutic effect. 
 
2.2 Materials and methods  
 
Preparation of dye reference and roots 
 
The study followed a repeated measures design with each root serving as its own 
experimental series, starting from the baseline. This approach was used because biological 
variation between roots (size, colour, sclerosis) could be a confounding factor. To ensure 
reproducibility, the entire experiment was repeated twice, giving three sets of data for all 
medicament pastes.  
 
The experimental model involved tracking changes in the colour of anthocyanin dye 
in stained roots kept at physiological conditions. Anthocyanin is the pH indicator found in 
red cabbage, and it undergoes multiple colour changes with pH over the alkaline range, with 
corresponding increases in both the red and green channels as the colour changes. The 
use of anthocyanin staining was validated in a pilot study,109 where a series of buffers from 
pH 8.0 to 13.0 were prepared with the dye mixed in to serve as a reference for changes in 
pixel data (Fig. 2.1). A copy of the accepted author manuscript regarding this pilot study is 
included in Appendix D. 
 
Extracted human permanent teeth were collected from an oral surgery clinic with the 
approval of the institutional ethics committee (Approval code #1311). A total of 23 single-
canal teeth free from intrinsic discolouration or translucency were selected, then the crowns 
removed at the cemento-enamel junction and the root face smoothened to form a flat coronal 
surface using abrasive discs. After patency of root canals was confirmed using a #8 K-file 
(Dentsply Maillefer, Switzerland), they were then prepared with NiTi rotary instruments 
(ProTaper Next™, Dentsply Maillefer, Switzerland) to size X3 with variable taper and an 
apical preparation of #30. The root canals were irrigated alternately with 1% w/v sodium 
hypochlorite (Endosure Hypochlor 1% Solution™, Dentalife, Ringwood, Melbourne, 
Australia) and 15% w/v ethylenediaminetetraacetic acid (EDTA) with 0.85% w/v cetrimide  
(Endosure EDTA/C 15% Solution™, Dentalife, Ringwood, Melbourne, Australia) using 
syringes with side-vented needles. After a final irrigation step using Endosure EDTA/C for 2 
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minutes, the canals were dried with paper points, and the roots placed in saline at room 
temperature for 24 hours to neutralise any remnants of sodium hypochlorite. 
 
 
Fig. 2.1: Colour changes in anthocyanin dye according to pH, using a series of 
buffers with pH values from 8 to 13. The upper panel (A) shows the visual 
appearance of a solution of anthocyanin dye as pH alters. Each vial has the same 
concentration of dye. The lower panel (B) shows the digital pixel data for red and 
green channels for the pH standards. There is a consistent increase in both 
parameters as the pH rises. This figure is repeated in the accepted author 
manuscript in Appendix D.
	 43 
Root staining with anthocyanin dye 
 
To stain the roots, a 3% solution of anthocyanin (Red Cabbage Jiffy Juice™ powder, 
Educational Innovations Inc, Bethel, Connecticut, USA) in water was prepared. The 
prepared roots were removed from the saline bath and dried with paper towels and paper 
points, and the canals then irrigated with dye solution before submerging the roots into the 
dye for 48 hours. This achieved a uniform purple stain throughout the root. The stained roots 
were dried with paper towels and mounted upright using sticky wax onto a holder so that the 
coronal surface of the root could be photographed using a digital camera under fixed 
conditions (constant lighting, distance and exposure settings) together with a colour 
reference card and a calibration ruler, to obtain a baseline image as a reference point from 
which subsequent changes could be measured. Photographs of the experimental setup are 
shown in Appendix A, Figures A1-A2. 
 
 
Table 2.1: Components of commercial calcium hydroxide pastes 
 Pulpdent™ Calasept 
Plus™ 
Calmix™ Odontocide™ 
Active 
ingredients 
39-42% 
Ca(OH)2 
41.07 % 
Ca(OH)2 
37.5% 
Ca(OH)2 
20% Ca(OH)2 
7% Ibuprofen 
Vehicle Water Isotonic 
saline 
45.5% PEG 
400 
61% PEG 400 
5% Water 
Thickener Methyl 
cellulose 
None 
disclosed 
PEG 4000 2.3% PEG 
3000 
Radiopaque 
agent 
Barium 
sulphate 
8.33% Barium 
sulphate 
14% 
Zirconium 
dioxide 
2% Barium 
sulphate 
Lot/Batch 
Number 
120213 0350 08042015 6002 
 
Components are shown in percentages by weight. Information on product 
composition were obtained from material safety data sheets and manufacturer 
websites. 
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Placement of medicaments 
 
The roots were assigned randomly to 7 experimental groups of 3 roots each. Two 
roots served as an untreated control group in which no medicament was placed. The seven 
treatment groups were Calmix™ (Ozdent, Castle Hill, Sydney, Australia), Calasept Plus™ 
(Nordiska Dental AB, Ängelholm, Sweden), Pulpdent™ (Pulpdent Corporation, Watertown, 
Massachusetts, USA), Odontocide™ (Australian Dental Manufacturing, Kenmore, Brisbane, 
Australia), 10% calcium hydroxide in PEG 400, 20% calcium hydroxide in PEG 400, and 
PEG 400 as a vehicle control. Calcium hydroxide and PEG 400 were from Sigma-Aldrich 
(St Louis, Missouri, USA).  
 
The materials were injected into the root canal under positive pressure until excess 
was seen to extrude apically. After removing excess material on the coronal and outer 
surface of each root, the apex was sealed with molten wax, and each root then placed into 
an individual Eppendorf™ tube which was filled with anthocyanin dye solution to a level just 
below the coronal surface of the tooth which was left open to facilitate photographic records. 
The samples were then maintained at 37°C in an incubator for 3 weeks.  
 
Tracking colour changes in root dentine over time 
 
Digital photographs of the coronal surface of the roots were taken after 1, 2, 3, 5, 7, 
14, and 21 days. Image analysis was undertaken using Adobe Photoshop™ CS6 Extended 
software to track changes in each root over time, and calculate the colour change in red and 
green channels from the baseline using a repeated measures assessment. The selected 
area of interest was located at 250, 500 and 1000 µm from the root canal walls in a straight 
line. Reflections and glares from light source were taken into account and avoided when 
selecting the target area. The selected area (10 X 10 pixels) was made using the select tool 
and identical on sequential images of each root. To ensure the selected area was identical 
between images of the same root at different points of time, the “Magic Lasso” tool in Adobe 
Photoshop was used to select and crop the entire root surface. To ensure the proper 
alignment, sequential images were overlaid on the baseline image using the layers function, 
with reduced opacity so that the same areas could be selected for analysis in each image. 
Pixel information was collected using the histogram tool of Adobe Photoshop™, which gave 
red and green values for the selected area on a scale with 256 points. The extent of change 
from baseline was calculated for the three replicates for each group, and analysed using 
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Prism™ software version 7.0a (GraphPad Software Inc., La Jolla, California, USA) applying 
non-parametric analyses for repeated samples as well as intra-group comparisons. The 
colour channel analysis method used was similar to that employed in previous studies.126-
128 An example of the analysis method is shown in Appendix A, Fig. A3.  
 
2.3 Results  
 
Composite images of roots taken over time are shown in Appendix A. Tracking the 
extent of colour change over 3 weeks in the stained roots revealed that there were obvious 
changes in the stained roots over the 3 week period of the experiment, with the characteristic 
change from a deep purple-blue baseline colour to a yellow colour for the dentine adjacent 
to the root canal. These changes were in line with the references prepared from anthocyanin 
in buffered pH solutions. From a visual perspective, the greatest colour changes in the 
anthocyanin stained roots were seen with Calmix™. These changes were in line with the 
references prepared from anthocyanin in buffered pH solutions. From a visual perspective, 
the greatest colour changes in the anthocyanin stained roots were seen with Calmix™, 
however there were no significant changes in untreated roots with open canals or in canals 
treated with 10% calcium hydroxide in PEG 400 or with PEG 400 only. 
 
Quantitative analysis of changes in colour revealed positive changes in both green 
and red pixel data at 250 µm from the canal wall with each of the five calcium hydroxide 
materials, indicating that elevations in the pH of the root dentine had occurred progressively 
over the first 7 days and had then begun to stabilise.  
 
Differences between treatments were statistically significant at 7 days and beyond 
for green and red channel data, with Calmix™ superior to other groups. After 7 days, the 
colour change continued to rise slowly for Calmix™ but began to decline for Odontocide™, 
indicative of buffering of hydroxyl ions by dentine. Tables which summarise the statistical 
differences at different times within groups are shown in Appendix A, Tables A1-A8. 
 
The five groups with significant changes in both green and red pixel data at 250 µm 
from the canal wall occurred at different times. Calmix™ and Pulpdent™ recorded a 
significant change at 7 days which was sustained throughout the rest of the study. 
Odontocide™ however showed a significant change from baseline at 250 µm after 7 days 
but failed to maintain this change over time. The paste comprising 20% calcium hydroxide 
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in PEG 400 caused a change at 250 µm at 14 days but this was not sustained thereafter. 
Calasept Plus™ was the slowest to record a change at this depth into dentine, with a 
significant change recorded at 21 days. 
 
At the 500 µm depth from the canal wall, Calmix™ and 20% calcium hydroxide in 
PEG 400 were the first to show a significant change at 7 days followed by Pulpdent™ at 14 
days with Calmix™ and Pulpdent™ sustaining this change throughout the rest of the study. 
Odontocide™ showed a significant change at the 14-day mark but failed to sustain this 
change thereafter. The paste containing 20% calcium hydroxide in PEG 400 relapsed after 
21 days. With Calasept Plus™ at 500 µm there was no significant change from baseline 
throughout the experiment.  
 
 
 
Fig. 2.2: Visual representation of changes from baseline in pixel data for the red and 
green channels. Sample areas were located 250, 500 and 1000 µm from the canal wall 
in the radicular dentine. Data are the mean of three independent experiments. Blue 
boxes indicate a statistically significant change when assessed using ANOVA followed 
by post-hoc Dunn’s tests. 		
2.4 Discussion  
 
The results of this study provide several insights into the behaviour of calcium 
hydroxide in different solvents. While PEG 400 was first used as a viscosity modifier in the 
endodontic paste Calen™ in the 1970s, its ability to alter hydroxyl ion release is a novel 
finding. The present results indicate that PEG 400 is a suitable solvent for calcium hydroxide.  
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Anthocyanin dye extract from red cabbage was chosen as the indicator for this study 
because colour changes correspond to pH changes in a predictable manner giving a distinct 
but gradual change between colours, from purple-blue to green and then to yellow as pH 
increases into the highly alkaline range as seen in the prepared buffered pH solutions. The 
colour changes in this dye are due to the presence of phenolic or conjugated substances, 
such as cyanidin, delphinidin, pelargonidin, peonidin and petunidin which undergo structural 
changes according to variations in pH.129 Anthocyanin dye has been used as a pH indicator 
in the food science industry, including within food labels.130 
 
Calcium hydroxide pastes produce a high alkaline pH when measured directly with 
pH electrodes but under clinical conditions the released hydroxyl ions have to diffuse 
throughout the dentine, during which some buffering will occur from both inorganic and 
organic components. The colour changes in anthocyanin are dynamic and reversible over 
an extended period of time allowing fluctuations in pH due to dentine buffering to be 
observed. 
 
A saturated aqueous solution of calcium hydroxide is easily buffered by dentine, as 
has been seen when dentine powder is added to saturated calcium hydroxide solutions.114 
This effect is seen with Odontocide™ due to the presence of 5% (w/w) water within its 
composition resulting in reduced ability for calcium hydroxide dissolution. As shown in the 
results, relapse in colour change of the anthocyanin dye occurs after a week at 250 and 500 
µm. In non-aqueous compositions such as Calmix™, the effect is sustained for longer 
periods of time and in this present study, for 3 weeks up to 500 µm from the canal wall. 
When comparing similar solvents, the 20% calcium hydroxide in PEG 400 did not sustain a 
significant colour change in the dye for more than 2 weeks due to the limited amount of 
hydroxyl ions available as the solvent was not completely saturated with calcium hydroxide. 
 
Water-based solvents are thought to exhibit a quicker effect compared to non-
aqueous solvents which have a delayed effect due to the hygroscopic and more viscous 
nature of the solvent.108 The results however show that the amount of ions available plays 
a more crucial role for the onset of effect as seen in the results whereby both types of 
solvents display similar onset of effects after 7 days once dentine buffering has been 
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overcome. Moreover, the present study showed notable difference between Pulpdent™ and 
Calasept™, the two water-based materials. Pulpdent as shown in Table 2.1 uses 
carboxymethyl cellulose as a viscosity modifier, which may alter the release of hydroxyl ions. 
In contrast, the manufacturer’s information for Calasept Plus™ does not disclose the 
presence of any viscosity modifiers in this material. The presence or absence of viscosity 
modifiers may explain why there is a difference in performance between these water-based 
materials. 
 
PEG 400 is a colourless water soluble and hygroscopic polymer that is miscible with 
water in all proportions, which explains why PEG 400 can be used as a solvent in its own 
right with or without the addition of water. PEG is classified as “Generally Recognised as 
Safe” and has high biocompatibility.131 It has a suitable viscosity for delivery through a fine 
tip. When used without any added water, as in the case of Calmix™, the material will not 
dry out over time.  
 
The release dynamics for PEG as a solvent occur because of the large number of 
ethylene oxide groups along its backbone, which allows PEG to form complexes with metal 
cations, including calcium ions.131 Such binding of calcium ions drives the dissociation of 
calcium hydroxide, thus releasing more free hydroxyl ions. This notion is supported by the 
quantitative results of the present study, which showed greater levels of available ions at 
the same location in the dentine over time. 
 
The antimicrobial activity of calcium hydroxide is based on effective release of 
hydroxide ions, which destroy phospholipids of microbial cell membranes as well as bacterial 
DNA.132,133 It is therefore important that hydroxide ions penetrate into the dentine of the root 
in sufficient concentration to overwhelm the buffering effects of dentine and cause a highly 
alkaline pH environment to be sustained both within the root canal system and the adjacent 
dentine, in order to suppress growth of microorganisms, particularly resistant species such 
as Enterococcus faecalis, which are able to survive and form biofilms in a pH 10 
environment. E. faecalis is however inactivated by alkaline environments at pH values 
around 11.5 to 11.9.116,134 
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Cetrimide, an antiseptic consisting of different quaternary ammonium salts, is 
commonly added to EDTA solutions used for endodontic irrigation. As a low level 
disinfectant, cetrimide exerts residual effects on bacteria when included in the solution used 
in the final irrigation step, but it lacks the broad spectrum potency and tissue dissolving 
capabilities of sodium hypochlorite.135 As a cationic surfactant, cetrimide enhances the 
penetration of aqueous solutions into dentine tubules, thus permitting more effective 
elimination of endodontic infection.136 Baca et al.137 in 2011 stated that although sodium 
hypochlorite is the irrigant of choice for root canal treatment, it has no residual action, unlike 
cetrimide.  
 
Chlorhexidine gluconate (CHX) has been used as an irrigant during the chemo-
mechanical stages of root canal therapy to treat recalcitrant infections such as those caused 
by E. faecalis. While CHX has high substantivity,14 its success in inactivation of E. faecalis 
is time-dependant,138,139 requiring prolonged exposure to canal walls. Komorowski et al.138 
recommended an exposure time of 7 days to ensure continuous antibacterial substantivity 
beyond 3 weeks. This period is impractical in a clinical setting when CHX is used as an 
irrigant. Other studies have shown that penetration of CHX irrigants into dentinal tubules is 
limited to approximately 200 µm, even when passive ultrasonic agitation is used.140 This 
depth of penetration is insufficient given that E. faecalis can be found up to 500 µm deep 
into the tubules.141 Likewise, when sodium hypochlorite solutions are used, these do not 
penetrate further than 300 µm,142 and in many cases the penetration will be less because of 
the high surface tension of the solution.143  
 
The rationale for using a non-water solvent such as PEG 400 is to help achieve a 
sufficiently high pH which is above pH 12.4, the nominal limit for aqueous compositions, at 
the canal walls which is then allowed to diffuse over time into the inner radicular dentine 
whilst maintaining a high pH despite the buffering action of dentine. The results of this study 
have shown that a prolonged effect up to 1000 µm is achievable over time. 
 
The use of non-aqueous solvents with calcium hydroxide brings certain clinical 
benefits. Enhanced calcium hydroxide dissolution should help prevent reinfection of the root 
canal space due to recalcitrant species as described previously. The long-acting effect and 
the lack of dehydration issues should allow the medicament to act over a longer period of 
	 50 
time and reduce the frequency of re-dressing canals particularly in long-standing periapical 
infections.  
 
2.5 Conclusion  
 
While the concepts of non-aqueous solvents as a vehicle in terms of physical 
properties have been well documented in the literature for many years,108 the chemical 
properties of such materials as vehicles for calcium hydroxide in dentistry has not hitherto 
been explored. This laboratory study has shown that PEG 400 is a suitable vehicle for 
calcium hydroxide, that results in higher concentrations and a longer lasting diffusion of 
hydroxyl ions than can be achieved with aqueous solutions. Commercial medicaments 
which use calcium hydroxide in PEG without water (Calmix™) show greater pH change in 
radicular dentine than those which contain PEG mixed with water (Odontocide™), or water 
alone (Calasept Plus™). The results of the present study also show the potential of 
anthocyanin staining as a method which can show pH fluctuations in root dentine caused by 
endodontic medicaments. Such experimental approaches may be useful to inform the 
development of products which can achieve the desired pH changes in the inner dentine for 
effective disinfection.  
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Chapter 3. 
 
 
 
 
Coronal leakage from alkaline endodontic 
cements versus resin sealers. 
 
 
 
This study was presented as a poster presentation at the International Association 
for Dental Research (IADR) 94th General Session and Exhibition in Seoul, South Korea 
on June 24, 2016. Abstract 2473066 
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3.1 Introduction 
 
A range of root filling materials exist in the market which are used to fill the root canal 
after chemo-mechanical preparation has been completed. The most common approach to 
filling the root canal and sealing the prepared root canal space typically consist of two parts, 
namely an obturating material core combined with a sealer which completes the three-
dimensional filling of an irregular shaped canal. Gutta percha (GP), a widely used root canal 
filling material, is commonly paired with a sealer (such as those based on epoxy resins, such 
as AH26™ or AH-Plus™) to allow for a complete homogenous obturation. Resin sealers 
undergo shrinkage on polymerisation which may permit leakage of fluids and 
microorganisms, allowing the latter to reinfect the walls of the root canal and to re-establish 
an inflammatory response from the host in the periapical region. The concept of bulk 
obturation is appealing as it involves filling the prepared root canal space with a single 
material which is technically simpler and eliminates the possibility of leakage due to 
debonding of the sealer from the canal walls or debonding of the GP cones and sealer. 
 
There is recent interest in the concept of bulk obturation following the development 
of stable polymers which involve calcium hydroxide. Endodontic medicaments using calcium 
hydroxide are in widespread use, while alkaline cements such as mineral trioxide aggregate 
cements which release calcium hydroxide as a reaction product are also used widely. 
Calcium hydroxide is known to exhibit both bactericidal and bacteriostatic antimicrobial 
properties due to release of hydroxyl ions. The alkaline (high pH) environment which results 
allows disinfection of the canal when calcium hydroxide pastes are used as an interim 
dressing between visits.41  
 
Most calcium hydroxide materials are not suitable as bulk obturating materials for 
root filling as they lack strength, and can dissolve over time. A new category of alkaline 
cements based on calcium-bridged organic polymers formed in the absence of water have 
been developed with the aim of providing a permanent bulk obturating material whilst 
maintaining the therapeutic benefits of calcium hydroxide-based materials.47 Supercal™ is 
a water free calcium hydroxide cement (CHC), based on a mixture of calcium hydroxide and 
a glycerol-based solvent. This allows for a higher initial dissolution of calcium hydroxide 
compared with water as has been discussed in Chapter 2. Immediately after dissolution into 
the glycerol, the hydroxyl ions trigger a polymerisation reaction giving a dense rigid material, 
within which is trapped freely available excess calcium hydroxide which has not been 
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incorporated chemically into the set reaction products. Therapeutically, the initial dissolution 
step results in increased hydroxyl ion release with a pH of at least 13 thus providing an initial 
antimicrobial activity, which is then maintained over time when water or moisture comes into 
contact with the set material. Due to the elimination of water and the use of a humectant 
which maintains water levels in adjacent tooth structure, dehydration problems are 
eliminated. In the short term, this gives desirable handling properties as the material when 
mixed has a creamy consistency. When the setting reaction is complete the material sets 
hard and so may be used as a bulk obturating material. The possible benefits of using such 
materials for obturating the root canal are yet to be assessed fully. 
 
Preventing recontamination of the root canal system after root canal treatment is of 
utmost importance. The purpose of this study is to assess the sealing ability of various 
endodontic sealers to determine whether alkaline cements may be a viable option when 
used as a bulk obturating material. A bacterial penetration study was selected as being the 
most suitable method for assessing leakage, because this method best simulates the oral 
environment in an in vitro setting. This approach also takes into consideration whether the 
root filling materials possess any inherent antimicrobial properties which could help the root 
filling resist contamination of the apical third of the canal, an aspect which is not assessed 
when using dye penetration or radioisotope tracers.66 The bacterial leakage model by 
Torabinajed et al.69 was used as the basis for the design of the study.  
 
3.2 Materials and methods 
 
Collection and preparation of teeth 
 
Single-canal teeth with roots of comparable size and length were selected from a 
pool of extracted teeth collected from an oral surgery clinic with the approval of the 
institutional ethics committee (Approval code #1311). Roots were inspected for cracks via 
transillumination with a handheld transilluminator (Microlux™, AdDent, Connecticut, USA) 
and discarded if a crack was found. The selected teeth were decoronated at the cemento-
enamel junction and the cut surface flattened with a diamond bur, to give samples of 
consistent length. The root canals were assessed for apical patency with a #8 K-file 
(Dentsply Maillefer, Switzerland). Any teeth with calcifications or blockages were discarded. 
The final sample size was 140 teeth, to give seven groups of 20 each. The root canals were 
prepared to apical constricture with nickel-titanium (NiTi) rotary instruments, (ProTaper 
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Next™, Dentsply Maillefer, Switzerland) to size X3 with an ISO #30 apical preparation and 
variable taper. The root canals were irrigated alternately with 1% w/v sodium hypochlorite 
(Endosure Hypochlor 1% Solution™, Dentalife, Ringwood, Melbourne, Australia) and 15% 
w/v ethylenediaminetetraacetic acid (EDTA) with 0.85% w/v cetrimide (Endosure EDTA/C 
15% Solution™, Dentalife, Ringwood, Melbourne, Australia) using syringes with side-vented 
needles. After a final irrigation with Endosure EDTA/C, the canals were dried with paper 
points to remove any excess fluid within the canals. The roots were then stored in saline at 
room temperature of 25°C until used. 
 
Experimental groups 
 
Roots were randomly assigned to 7 groups of 20 each. A total of 5 different materials (Table 
3.1) were used to obturate the canals, with 2 groups serving as controls. 
 
Table 3.1: Experimental groups 
_____________________________________________________________________ 
1. AH-Plus™ (Dentsply Maillefer, Switzerland)  
• a non-staining epoxy resin paste/paste sealer for permanent filling of root 
canals. 
2. Zirmix™ (Ozdent, Castle Hill, Sydney, Australia)  
• a non-staining epoxy resin powder/paste root canal sealer which is comprised 
of the resin liquid component from AH26™ (Dentsply, Switzerland) mixed with 
a powder of zirconium dioxide (80%) and hexamethylenetetramine (20%) 
(Wright Corporation, Wilmington, North Carolina, USA). Bismuth trioxide in the 
original AH26™ powder was substituted with zirconia dioxide to prevent 
staining. 
3. Nex MTA™ (GC Corporation, Tokyo, Japan)  
• a grey MTA cement prepared by mixing with distilled water. 
4. MTAmix™ (Ozdent, Castle Hill, Sydney, Australia)  
• a variant of white MTA but dissolved in a mixture of glycerol and water to 
increase dissolution of calcium hydroxide and improve its handling properties. 
5. Supercal™ (Ozdent, Castle Hill, Sydney, Australia)  
• a novel calcium hydroxide cement with a glycerol-based solvent. 
_____________________________________________________________________ 
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Placement of materials 
 
AH-Plus™ and Zirmix™ resin sealers were used in conjunction with GP points to 
obturate the canal using the lateral condensation technique. A ProTaper Next™ X3 GP point 
(Dentsply Maillefer, Switzerland) with an ISO #30 apical size and variable taper was used 
as the master cone, followed by medium and fine accessory points placed with the aid of a 
finger spreader. 
 
Nex MTA™ (grey MTA), MTAmix™ (white MTA) and Supercal™ were used as bulk 
obturating materials. These materials were hand-mixed according to the manufacturer’s 
instructions then injected into the canal using a syringe under positive pressure until excess 
material was seen to extrude apically.  
 
As controls, 20 canals were left open as a positive control for coronal leakage, while 
another 20 were sealed at the coronal surface and at the apical third with molten red boxing 
wax to serve as a negative control. Complete obturation of all roots was confirmed 
radiographically (65 kV, 7 mA, exposure time 0.16 seconds). Examples of radiographs are 
shown in Appendix B, Figures B5-B6. 
 
Mounting of samples 
 
Pink nail varnish was used to coat all the roots, except for the coronal surface and 
apical third. This was done to seal any lateral canals or undetected micro-cracks. The roots 
were mounted in 5 mL specimen containers with an additional inverted lid which served as 
a reservoir for growth medium containing bacteria. Holes were drilled into the lids using a 
hand drill and the roots secured in place with red boxing wax, as shown in Figure 3.1. The 
specimens were placed into an air-tight container and irradiated with 25.4 kGy of gamma-
irradiation over 24 hours at a commercial gamma sterilisation facility (Steritech, Narangba, 
Queensland, Australia). 
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Fig. 3.1: Schematic diagram (A) and actual (B) assembled experimental model. 
 
 
Sterile Brain-Heart Infusion (BHI) medium was prepared from stock powder (BBL 
Brain Heart Infusion™, Becton Dickinson, Franklin Lakes, New Jersey, USA) and pipetted 
into the sterilised containers in a biosafety hood to prevent any environmental 
contamination. The samples were monitored over a 24 hour period to ensure no 
contamination. This would be indicated by the BHI becoming turbid (Fig. 3.2).  
 
Fresh human saliva was collected daily from a single healthy donor with the aid of 
paraffin wax (Saliva Test Buffer™ kit, GC Corporation, Tokyo, Japan) to stimulate saliva 
flow. The collected saliva was mixed with sterile BHI medium in a 1:5 dilution, and the 
mixture placed into the outer inverted lid to expose the coronal surface of the roots to 
bacterial contamination. This mixture of saliva and BHI was replaced with a fresh inoculum 
each day for 90 days or until the samples showed coronal leakage. Samples were kept in 
an air-tight container with wet paper towels to create a fully humid environment, and 
maintained at 37°C in an incubator. Leakage was indicated by turbidity in BHI medium (Fig. 
3.2). Samples were removed from the leakage study once turbidity was noted in the BHI 
medium. Photographs of the experimental setup are shown in Appendix B, Figures B1-B4. 
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Fig. 3.2: Comparison of BHI medium in clear and turbid states. 
 
 
Analysis of data 
 
To assess leakage of the different root filling materials, Kaplan-Meier survival curves 
over 90 days or until failure were plotted. Log-Rank tests were carried out to determine the 
statistical significance of differences between materials using Prism™ software version 7.0a 
(GraphPad Software Inc., La Jolla, California, USA). Statistical significance was set at a 
threshold of P < 0.05. 
 
3.3 Results 
 
Kaplan-Meier survival curves are shown in Figure 3.3. Median survival time (in days) 
to 50% failure over 90 days for the various materials and corresponding P-values of 
differences between materials are shown in Tables 3.2 and 3.3, respectively. 
 
No material completely prevented leakage. All AH-Plus™ samples leaked after 48 
days, with a median survival of 15.5 days. Zirmix™ and MTAmix™ had one surviving sample 
each at the end of 90 days, with a median survival of 20.5 and 6 days respectively. Nex 
MTA™ had 2 surviving samples at the end of 90 days, with a median survival of 11 days, 
while Supercal™ had 5 surviving samples and a median survival of 28 days. In all, 11 of the 
20 negative controls survived, while all 20 positive controls failed by the second day.  
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Supercal™ showed superior leakage resistance in comparison to the other materials. 
Differences between the two resin sealers became apparent at 2 weeks with Zirmix™ 
showing a superior median survival, and likewise between the two MTA cements.  No 
significant difference was noted between the different resin sealers, AH-Plus™ and 
Zirmix™. Of the two MTA cements, Nex MTA™ had significantly greater leakage resistance 
compared to MTAmix™. The median survival of Supercal™ was significantly higher than 
both AH-Plus™ and MTAmix™. 
 
 
 
 
 
Fig. 3.3: Kaplan-Meier survival curves for endodontic obturation materials subjected to 
bacterial leakage over 90 days. 
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Table 3.2: Median survival in days for endodontic obturation materials and controls 
Material Median survival 
(days) 
AH Plus™ 15.5 
Zirmix™ 20.5 
Nex MTA™ 11.0 
MTAmix™ 6.0 
Supercal™ 28.0 
Positive control 1.0 
 
 
Table 3.3: Summary of differences between groups.  
 
P values were determined from Log-Rank tests. Red boxes indicate non-significant results 
while green boxes are significant differences between groups. 		
3.4 Discussion 
 
The results of this study show that under the extreme conditions tested where there 
was continuous exposure to high levels of salivary microorganisms and a nutrient-rich 
medium, none of the endodontic materials tested could completely prevent leakage. The 
average time for microorganisms to pass through the root to reach the apex varied widely, 
with the calcium hydroxide cement giving the longest average time of 4 weeks. There were 
also difference found between materials of the same type, both for epoxy resins and for MTA 
cements. The median survival of resin-based sealers was lower than alkaline cements, 
which probably reflects polymerisation shrinkage during the setting reaction of epoxy resins, 
which compromises their interface with the canal walls.  
 
AH	Plus Zirmix Nex	MTA MTAmix Supercal Positive	control Negative	control
AH	Plus 0.4136 0.2652 0.0144 0.0192 0.0001 0.0001
Zirmix 0.8156 0.0083 0.0771 0.0001 0.0001
Nex	MTA 0.0269 0.1783 0.0001 0.0002
MTAmix 0.0004 0.0001 0.0001
Supercal 0.0001 0.0196
Positive	control 0.0001
Negative	control
	 60 
In relation to the epoxy resin sealers used with GP in the lateral condensation 
approach, the results of the present study showed that Zirmix™ was superior to AH-Plus™. 
Zirmix™ is a modification of AH26™ where bismuth trioxide has been replaced with 
zirconium dioxide to prevent staining of roots over time. Like AH26™, Zirmix™ is a powder-
liquid system, which means that in practice its performance will likely be affected when 
clinicians lower the powder:liquid ratio to lower the viscosity, since the reduced filler content 
will allow for greater shrinkage and therefore leakage. Previous leakage studies involving 
AH-Plus™ and AH26™ have shown similar outcomes, with AH26™ having a slight 
superiority. One possible explanation is that the silicone oils used in AH-Plus™ may prevent 
complete wetting of the canal walls by the material.144 
 
The present results also revealed differences between the two MTA cements. This 
point is more of scientific rather than clinical importance, as MTA materials would not 
normally be used for the bulk obturation of a canal, despite their common use for perforation 
repairs. During hand-mixing of the two MTA cements, MTAmix™ was found to have larger 
and coarser particles than Nex MTA™, and this could result in greater porosity in the set 
cement and hence lower resistance to leakage. While there was not a statistically significant 
difference in terms of median survival between Nex MTA™ and Supercal™, one clinically 
relevant difference which was noted was that intense grey discolouration of the roots 
occurred with Nex MTA™, but not with the calcium hydroxide cement. Root discolouration 
is a well-known issue with grey MTA cements.36  
 
Unlike MTA, Supercal™ is designed for space filling as it forms a polymer which is 
dimensionally stable, while less hard than MTA. This difference in hardness will be relevant 
when the material needs to be removed from the canal for post-space preparation. This 
aspect is explored elsewhere in the thesis, where studies into removability have been carried 
out. Set MTA is very rigid and difficult to remove,36,37 with the attendant risk of root 
perforation because of drills wandering into adjacent radicular dentine when trying to remove 
set MTA with diamond or tungsten carbide burs. There were handling differences noted 
between MTA and Supercal™, with the former being a sandy paste when mixed which is 
difficult to introduce into canals, unlike Supercal™ which has a creamy consistency. 
 
An interesting finding in the present study was that alkaline cements had superior 
leakage resistance compared to resin-based sealers. It is likely that inherent antimicrobial 
effects from calcium hydroxide contribute to this difference in performance. Alkaline cements 
	 61 
contain calcium hydroxide in their set form which can be released on contact with water. 
Hydroxyl ions when present at high levels have antibacterial actions.41,108 An additional 
consideration is that the alkalinity of these materials when freshly mixed can dissolve organic 
components within dentinal tubules allowing the cement to penetrate deeply into the dentine 
which contributes to its ability to form a seal against the canal walls. 
 
Despite the superior performance of alkaline cements, further investigations are 
necessary to assess the performance of bulk root filling materials under conditions which 
may include cyclical loading of roots or temperature cycling to place stress on the interface 
between the material and the canal wall prior to leakage testing. Work is also needed to 
optimise the mixing and delivery of materials to reduce air bubbles and other voids, and to 
optimise their viscosity. Although bacterial leakage is the most effective means of assessing 
leakage for materials with antimicrobial properties, certain shortcomings exists which should 
be addressed in future studies. Rechenberg et al.145 noted that sticky wax does not give a 
seal which is completely air tight and fluid proof seal, which explains why some of the 
negative control samples in this study showed early leakage. In this study, red boxing wax 
was used instead of sticky wax. This wax was placed in a molten state to ensure adequate 
adaptation to the outer root surface. In addition, the root surface was covered with nail 
varnish to address possible leakage from lateral canals and other communications from the 
root canal system to the external root surface. 
 
While the concept of combining alkaline cements as sealers with GP may seem 
appealing, the nature of the interaction between these is largely unknown. It is likely that 
modest alkaline exposure is not problematic, since potassium hydroxide is used in natural 
rubber latex manufacture to maintain alkalinity and improved stability. How prolonged 
exposure to calcium hydroxide may effect GP requires further study.   
 
 
3.5 Conclusion 
 
No root filling material was able to completely prevent fluid leakage when faced with 
a constant challenge from salivary microorganisms. Alkaline cements can show greater 
resistance to leakage compared to epoxy resin sealers, which could reflect their interactions 
with radicular dentine as well as release of hydroxyl ions on contact with fluids.  
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Chapter 4. 
 
 
 
 
Removability of endodontic sealers and cements: 
a confocal microscopic study. 
 
 
 
 
This study was presented at the 2016 University of Queensland School of Dentistry 
Research Day; Oral Health Centre; September 24, 2016. 
 
 
This study was presented as a poster presentation at the International Association 
for Dental Research (IADR) 95th General Session and Exhibition in San Francisco, 
USA on March 23, 2017. Abstract 2624341 
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4.1 Introduction 
 
Root canal treatment is, in general, a procedure with a high success rate and good 
prognosis. The obturation of the root canal space represents the final stage in the procedure 
during which the canal space is filled in such a way that there is a fluid-proof seal. After this 
is done, the tooth is restored. The question of how easily the root filling can later be removed 
arises from several aspects. The first of these is when retreatment of the tooth is needed, 
while the second relates to post-space preparation. 
 
Teeth requiring root canal treatment rarely present in a virgin state, but often are 
broken down with partial loss of coronal tooth structure, and therefore require extensive 
restoration. The placement of a post into the root canal space is a common procedure after 
root canal therapy particularly in teeth that have lost significant coronal tooth structure or 
are lacking a ferrule effect. The post provides retention for a core which in turn replaces the 
lost coronal tooth structure needed to support a crown, which in turn then restore function 
and aesthetics. A typical post-space is a parallel sided preparation with 3-5 mm of the root 
canal filling material left in place at the apical third,146 and a wall thickness of up to 1 mm of 
radicular dentine.147 Post length is dependent on the height of the planned restoration and 
canal morphology with greater retention as embedment depth increases.148 
 
Removal of root canal filling material for a post-space is typically done using rotary 
instruments such as Gates-Glidden burs and parallel sided post drills. These instruments 
may be used in conjunction with solvents such as chloroform to dissolve gutta-percha. 
Because rotary instruments can exert considerable lateral force on the root during post 
space preparation, the post drill should match the prepared canal size. This will minimize 
radicular dentine removal and help preserve the fracture strength of the tooth.  
 
As root canals are naturally tapered apically or conical in shape, a parallel sided post-
space will inadvertently cause thinner radicular dentine as the post-drill progresses apically. 
When a large diameter post drill is used, this severely weakens the tooth, and may lead to 
fractures or perforations of the root. The use of tapered posts can avoid such tooth structure 
removal and may appear to be a solution, however photo-elastic studies have demonstrated 
that tapered posts act like a wedge and exert significant lateral forces on remaining tooth 
structure.149  
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There are two broad categories of root canal posts, namely rigid and flexible posts. 
Rigid posts are constructed from a metal alloy, and may be custom fabricated via an 
impression of the prepared canal space, or pre-fabricated. In the latter case, their size is 
matched with a corresponding post drill. Rigid posts may cause fractures due to the 
differences in elastic moduli between dentine and rigid posts, with the stress transmitted 
internally and concentrated towards the apical portion of the root.150,151 As well as root 
fracture, other complications that can arise during post space preparation include instrument 
breakage, especially when rotary instruments are binding onto the canal walls under 
conditions of high torque. 
 
Flexible posts, particularly those made from various types of fibre, have gained 
popularity because the flexibility of the post can better match the elasticity of the tooth. 
These posts are easier to remove than metallic posts using a drill, and they possess 
favourable optical properties which help to maintain the natural appearance of the restored 
tooth.150,151 Flexible posts are typically pre-fabricated, being placed directly and then 
retained by cementation or bonding to the dentine walls of the post space.151 Active 
engagement of the post-space by screw threads is contraindicated, since this leads to an 
increased incidence of angular and vertical root fractures by up to 40%, as observed in a 
clinical study.152 
 
Given that a range of post materials and post designs can be employed in clinical 
practice, the next question relates to how clean the walls of the post space should be. The 
post-space preparation should have walls that are dentine, to facilitate post cementation 
with adhesive materials such as resin cements which rely on the formation of a hybrid zone 
between the resin cement and dentinal tubules. Existing root canal filling material and sealer 
should be removed from the canal walls of the post-space, since the bonding of resin cement 
onto remnants of root canal epoxy sealer or mineral trioxide aggregate (MTA) is 
unpredictable. 
 
Apart from restorative purposes, removal of root canal filling materials is also required 
for endodontic re-treatment. The majority of late failures of root canal treatments are caused 
by re-infection of the canal because of coronal leakage which then extends down the walls 
of the root canal filling material to involve the periapical tissues.153 Taking this into account, 
remnant material along canal walls which remains after removability procedures could 
harbour bacteria. It could also prevent the irrigant fluids and medicaments employed during 
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chemo-mechanical re-preparation of the canal from contacting canal walls to inactivate 
bacteria. This could lead to failure in the short term. A final problem in retreatment cases 
when the root canal walls are not cleaned completely of remnants of root filling materials 
relates to long term failure. Because epoxy resin sealers such as AH-Plus™ (Dentsply 
Maillefer, Switzerland) rely on penetration of dentinal tubules to achieve a hermetic seal, 
remnants of material on the walls will obstruct such penetration and thereby impair the 
integrity of the second root filling. 
 
Taking the above points into consideration, the ability to remove all traces of a root 
canal filling material is an important consideration. Previous studies have assessed the 
removability of root filling materials used volumetric analysis via micro-computed-
tomography.154,155 Such methods may report a large reduction in the volume of the root filling 
material after removability procedures, but this does not take into account the cleanliness of 
the walls, which is the crucial aspect for bonding. Other studies have employed scanning 
electron microscopy 156 or stereomicroscopy 157 as assessment methods, however the 
assessed areas were in general limited to a small portion of the post-space wall 
longitudinally. The present study examined cross-sectional slices of roots and employed 
confocal microscopy to determine the amount of remnant material on the walls of the post 
space, using fluorescence labelling. This approach was chosen because it was considered 
to be the most sensitive method for detecting remaining material around the perimeter of 
the post-space, and could be used to quantify the extent of the material remaining on the 
circumference of the post-space preparation.  
 
 
4.2 Materials and methods 
 
Collection and preparation of teeth 
 
A total of 80 extracted human permanent teeth with a single canal were collected 
from an oral surgery clinic with the approval of the institutional ethics committee (Approval 
code #1311). After removing the crowns at the cemento-enamel junction, the root face was 
polished to form a flat coronal surface using abrasive discs. After patency of the root canals 
was confirmed using a #8 K-file (Dentsply Maillefer, Switzerland), they were then prepared 
with nickel-titanium (NiTi) rotary instruments (ProTaper Next™, Dentsply Maillefer, 
Switzerland) to size X3 with variable taper and an apical preparation of ISO #30. The root 
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canals were irrigated alternately with 1% w/v sodium hypochlorite (Endosure Hypochlor 1% 
Solution™, Dentalife, Ringwood, Melbourne, Australia) and 15% w/v 
ethylenediaminetetraacetic acid (EDTA) with 0.85 w/v cetrimide (Endosure EDTA/C 15% 
Solution™, Dentalife, Ringwood, Melbourne, Australia) using syringes with side-vented 
needles. After a final irrigation step using Endosure EDTA/C for 2 minutes, the canals were 
dried with paper points to remove remnant irrigant solution, and then stored in saline at room 
temperature. 
 
Experimental groups 
 
The roots were assigned randomly into 5 groups of 16 each. The root canal sealers 
and cements were tagged with sodium fluorescein to a final concentration of 0.1% (w/w) 
prior to mixing. This concentration was chosen to be as low as possible to give sufficient 
labelling without diluting the components of the sealers or cements. Sodium fluorescein is 
stable at a broad range of pH values and it has high biocompatibility because of its low 
chemical reactivity. According to the protocols in Table 4.1 below, one of five different 
materials were used to fill the prepared root canals. AH-Plus™ and Zirmix™ epoxy resin 
sealers were used to obturate the canal with gutta percha (GP) points using the lateral 
condensation technique. A ProTaper Next™ X3 GP point (Dentsply Maillefer, Switzerland) 
with an ISO #30 apical size and variable taper was used as a master cone followed by 
medium and fine accessory points placed with the aid of a finger spreader.  
 
Nex MTA™ (grey MTA), MTAmix™ (white MTA) and Supercal™ were used as bulk 
obturating materials. The materials were hand-mixed according to manufacturer’s 
instructions then injected into the canal using a syringe until excess material was seen to 
extrude apically. 
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Table 4.1: Treatment groups  
_____________________________________________________________________ 
1. AH-PlusTM (Dentsply Maillefer, Switzerland)  
• non-staining epoxy resin paste/paste sealer for permanent filling of root canals 
with gutta-percha. 
2. ZirmixTM (Ozdent, Castle Hill, Sydney, Australia)  
• non-staining epoxy resin powder/paste root canal sealer which is comprised 
of the resin liquid component from AH 26 (Dentsply, Switzerland) mixed with 
a powder of zirconium dioxide (80%) and hexamethylenetetramine (20%) 
(Wright Corporation, Wilmington, North Carolina, USA). Bismuth trioxide in the 
original AH26™ powder was substituted with zirconia dioxide to prevent 
staining. 
3. Nex MTATM (GC Corporation, Tokyo, Japan) 
• grey MTA cement packaged in uniform sachets and according to 
manufacturer, prepared by mixing with water. 
4. MTAmixTM (Ozdent, Castle Hill, Sydney, Australia) 
• white MTA cement dissolved in a solution containing glycerol and water to 
increase dissolution of calcium hydroxide and improve handling properties. 
5. SupercalTM (Ozdent, Castle Hill, Sydney, Australia)  
• a hard setting calcium hydroxide cement (CHC) which contains glycerol, 
calcium sulfate hemihydrate and zirconium dioxide. 
_____________________________________________________________________ 
 
 
Storage of samples 
 
Complete obturation of all roots was confirmed radiographically with an exposure 
settings of 65 kV, 7 mA for 0.16 seconds. The filled roots were stored in a 100% humid 
environment at 37˚C for 90 days prior to ensure complete set of materials and to simulate 
oral conditions. 
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Removal procedures 
 
Brown (#3/0.9mm) ParaPost™ drills (Coltene-Whaledent Inc., Cuyahoga Falls, Ohio, 
USA) were attached to an endodontic motor (X-smart™, Dentsply Maillefer, Switzerland) 
and operated at 600 rpm with a torque setting of 3 N cm-1  for a fixed time of 2 minutes to 
remove 5 mm of material, measured from the coronal surface (Fig. 4.1). A drill smaller than 
the prepared canal size was chosen to minimise dentine removal, as the aim of the 
experiment was to assess removability of root canal filling material from canal wall. In 
eccentric canals, the drill was tilted laterally to aid removal of material. Roots were prepared 
in a random sequence by a single operator and drills were changed after every 5 samples. 
The prepared post-space was flushed with saline and dried with paper points.  
 
 
 
Fig. 4.1: Schematic diagram of post-space preparation. 
 
 
The roots were then placed upright into a standard cuvette and held in place with wax 
attached at the apex. Clear epoxy resin (Presi MA2+™, Kemet, Marayong, NSW, Australia) 
was introduced into the root canal with an irrigating needle and syringe to prevent voids in 
the post-space, and the cuvette then filled with the same epoxy resin to submerge the root. 
After allowing the resin to set for 24 hours at room temperature according to manufacturer’s 
instructions, the embedded roots were sectioned horizontally. A 0.7 mm thick slice was 
taken 0.5 mm below the coronal surface (Fig. 4.2) using a diamond saw (IsoMet™ 1000, 
Buehler, Lake Bluff, Illinois, USA). 
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The coronal root slices (Fig. 4.3) were examined under a confocal laser scanning 
microscope (CLSM) (Model C2+, Nikon Instruments Inc., Melville, New York, USA) using 
488 nm wavelength laser excitation. Samples were imaged using a x10 objective lens, and 
high resolution composite images made to encompass the entire cross-sectional area of the 
root 
 
Fig. 4.2: Assembled sample for sectioning. Left to right; schematic diagram of a root 
mounted in a cuvette with 0.7 mm slice marked. Right, sample once 0.5 mm has been 
removed from coronal surface. 
 
 
 
Fig. 4.3: 0.7 mm thick cross-sectional slice of a root with the post-space prepared. 
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Eccentric regions, isthmuses and lateral fins that could not be accessed by the drill 
were identified, and the angular distribution of clean walls and walls with material remaining 
along the perimeter of the drill channel measured in degrees using a protractor placed at 
the centre of the drill position (Fig. 4.4). For this purpose, a protractor was printed on 
transparency film and overlaid onto the display monitor (Appendix C, Figure C1). The 
cleanliness of the wall was calculated as a percentage of the angle which could be 
instrumented or accessed by the ParaPost™ drill, thereby excluding the non-accessible 
areas. Statistical analysis was performed using Prism™ software version 7.0a (GraphPad 
Software Inc., La Jolla, California, USA). As the data sets for all groups did not show a 
Gaussian distribution, differences between groups were compared using the non-parametric 
Kruskal-Wallis test followed by post-hoc Dunn’s tests. The threshold for statistical 
significance was set at P < 0.05. 
 
 
Fig. 4.4: Composite bright field and fluorescence image showing the method for 
assessing canal walls for remnant sealer or cement and measuring eccentricity. The 
red circle shows the outline of the ParaPost™ drill. The centre of this circle marked 
with a crosshair was used to align the protractor for angular measurements. Remaining 
GP appears as a shadow outlined in blue. Regions on the circumference of the drill 
were classified as clean, unclean or non-accessible. Green areas are sodium 
fluorescein-tagged remnants of sealer or cement on the canal walls, marked as 
unclean. Areas designated as non-accessible (N/A) cannot be reached by the 
ParaPost™ drill. The yellow lines crossing perpendicularly at the crosshair are the 
major axis and minor axis lengths taken to calculate eccentricity.
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Eccentricity 
 
Eccentricity is the measure of how much a cross section (e.g. an ellipse) varies from 
being circular; with the eccentricity of a circle being zero. The eccentricity of each tooth was 
measured from the microscope section using the formula shown below. Based on the centre 
point of the root canal, the major (a) and minor (b) axis lengths of the root were determined, 
as shown in Fig. 4.4. The lengths of each axis was measured in micrometers (µm) using the 
Nikon confocal microscope software. The eccentricity calculation was based on the ratios of 
the length of the major axis to the minor axis, according to the following equation. 
 
Eccentricity =   1 − #$%$   ;   where a = major axis, b = minor axis 
 
The eccentricity of each root was compared against the percentage of the angular 
distribution which could be instrumented or accessible areas to determine if a correlation 
existed between the outline of a tooth and the ability to remove root canal filling material. 
 
 
4.3 Results 
 
The presence of residual materials on canal walls was identified readily since 
remnants showed strong green fluorescence because of the sodium fluorescein label (Fig. 
4.5). In Figure 4.5 panels A and B, remnants of GP could be identified as a shadow on the 
bright-field images. In Figure 4.5 panel C, a thin layer of MTAmix™ could be seen coating 
the walls despite the large volume of the cement which had been removed from the canal.  
 
With all products, material within lateral canals or small fins was not removed by the 
ParaPost™ drill, hence this region was regarded as non-accessible. Removal of 5 mm of 
Nex MTA™ from the canal was not possible due to the resistance of this material to the drill, 
and so this group (Group 3) was excluded from further analysis. 
 
Data for canal wall cleanliness are shown in Table 4.2. In order of canal wall 
cleanliness (expressed in percent), the groups were ranked as follows, from highest to 
lowest (with median and 95% confidence intervals) Group 5 Supercal™ (100.0, 92.8-100.0), 
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Group 2 Zirmix™ (61.0, 49.1-77.9), Group 1 AH-Plus™ (43.1, 33.9-69.5) and Group 4 
MTAmix™ (49.1, 29.2-98.3). The raw data are presented in Appendix C. 
 
 
Table 4.2: Median percentage of canal wall cleanliness with 95% confidence intervals 
Group Material Median 95% confidence 
intervals 
1 AH Plus™ 43.1 33.9-69.5 
2 Zirmix™ 61.0 49.1-77.9 
4 MTAmix™ 49.1 29.2-98.3 
5 Supercal™ 100.0 92.8-100.0 
 
There was a significant difference between the four groups (P<0.0001). Comparisons 
between groups showed that median cleanliness of canal wall for Group 5 Supercal™ CHC 
was significantly higher than Groups 1, 2 and 4, but there were no significant differences 
between the epoxy resins and MTAmix™ (Table 4.3). 
 
When the eccentricity of the roots was plotted against the percentage of the 
accessible areas of the root canal, no direct linear relationship was seen (Fig. 4.6). The data 
were also assessed for non-linear correlation using the Spearman rank order test and this 
also failed to show any significant relationship (P < 0.7493, R = 0.05082). 
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Fig. 4.5: Horizontal cross-sections of roots. From left to right, superimposed bright-field 
image and fluorescence staining, fluorescence staining only and bright-field image only. 
Remnants of fluorescein-tagged sealer or cement are in green. Image sets are (A) AH-
Plus™, (B) Zirmix™, (C) MTAmix™, and (D) Supercal™. Scale bars are 1 mm.
	 74 
Table 4.3: Comparison of median cleanliness between groups.  
  P-Value Summary 
AH-Plus vs. Zirmix 0.5337 ns 
AH-Plus vs. MTAmix >0.9999 ns 
AH-Plus vs. Supercal <0.0001 **** 
Zirmix vs. MTAmix >0.9999 ns 
Zirmix vs. Supercal 0.0061 ** 
MTAmix vs. Supercal 0.0006 *** 
 
Data shows the P-value for comparison of median cleanliness of root canal. The 
threshold for statistical significance set at P < 0.05. ns = no significant difference. 
 
 
 
 
Fig. 4.6: Linear regression plot of the measured eccentricity of the root versus the 
assessable area of a root canal of the same tooth in percentage, showing the line of 
best fit.  
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4.4 Discussion 
 
The present study used confocal microscopic analysis of fluorescein-tagged 
materials to show remnant material on canal walls after post-space preparation. A minute 
amount of sodium fluorescein was used as a tracer to ensure the chance of any possible 
reactions with setting of the sealers was minimised. A small ParaPost™ drill was used to 
prevent the drill from cutting into radicular dentine, in order to focus on the ability of the drill 
to remove material from canal walls. Clinically, drills are chosen to match the canal in size 
so as to preserve radicular dentin and lower the chance of root fracture. 
 
From the perspective of the cross sectional circumference of the post-space 
preparation, epoxy resin sealers, which are used commonly in root canal treatments, 
showed relatively poor removability when a regular ParaPost™ drill is used for post-space 
preparation, with around half of the accessible canal wall still coated in remnants of the 
sealer. Thus, unless there is a degree of over-preparation of the post-space to create walls 
in dentine, later attempts to cement a post could result in attempting to bond to residues of 
sealer still present on the walls rather than to dentine. 
 
The present results also show that ParaPost™ drills are not well suited for removal 
of MTA cements, which are the hardest of the materials tested. MTA may be encountered 
during post-space preparation when the tooth has had prior treatment for perforations, but 
it is unlikely to be used as a bulk root filling material. MTA is known to be difficult to 
remove,152 and trying to remove set MTA using diamond or tungsten carbide burs will carry 
a risk of the drill wandering into adjacent dentin. There are no specially made solvents for 
MTA. Exposure to strong acids will cause MTA to degrade,158 but will also demineralize 
adjacent tooth structure. 
 
In contrast, the hard setting calcium hydroxide cement (Supercal™) was found to be 
relatively easy to remove, with less than 8% of material remaining on accessible canal walls. 
Despite being a dimensionally stable polymer, Supercal™ can easily be removed with light 
force applied to a ParaPost™ drill. This material has been suggested as a possible 
alternative to the gutta percha/epoxy resin-sealer obturation approach currently in 
mainstream use, however further research is required to establish its suitability for this 
purpose. 
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Despite the efforts to remove root canal filling materials, it is inevitable that some 
material remains in the canal. Rotary drills used for post-space preparation or GP removal 
such as Gates-Glidden drills produce a circular cutting outline. The cross-sectional shape of 
the root canal is however rarely a uniform circular shape,159 and as a consequence a circular 
cutting outline will limit the reach of rotating instruments. Lateral fins and isthmuses however 
remain a challenge to instrument and to clean. In the present study, the roots used did not 
show a large variation in their cross-sectional shape, and the small positive gradient seen 
for the linear correlation between eccentricity and accessible area was not statistically 
significant. One reason for this is that the outline of the root canal does not necessarily follow 
the external shape of the root, because of the presence of features such as lateral canals 
and isthmuses, as seen in Figure 4.5A. 
 
Some protocols for removal of root fillings employ solvents such as chloroform or 
eucalyptus oil, which will soften GP and epoxy resin sealers.160 While such solvents are 
used in endodontic re-treatment cases, they are avoided for post-space preparation due to 
concerns of GP shrinkage after the evaporation of solvents, which can compromise the seal 
of the remaining 3-5 mm of the root filling in the apical third of the root.146,161 As the present 
study focused on the response of different materials to removal with a ParaPost™ drill, 
further work is needed to determine if there would be different outcomes if particular solvents 
were used in conjunction with the drill. 
 
Confocal microscopy as used in this study appears to be a suitable way to assess 
the cleanliness of canal walls. Fluorescence tagging of the sealer and cement allowed easy 
identification and quantification of remnant material on canal walls. This approach has 
certain advantages over scanning electron microscopy (SEM), including reliable 
identification of labeled materials and less complex sample preparation. The optical 
sectioning capabilities of a confocal laser scanning microscope allow for future studies into 
penetration depth of various materials into dentine, an aspect which could be used to explore 
how well various sealers bond to dentine. 
 
Based on the results from this investigation, future directions for study can be 
suggested. High alkalinity is known to break down collagen, which in turn may affect the 
quality of the hybrid zone which is essential for resin bonding. The use of alkaline cements 
and their possible effects on bond strength to radicular dentine should therefore be 
investigated. Secondly, root-treated teeth are often weakened by the removal of radicular 
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dentine during canal preparation as well as by the use of proteolytic irrigants such as sodium 
hypochlorite. Studies assessing the fracture strength of roots should be carried out to 
determine if the use of a calcium hydroxide cement influences the strength of the roots. 
Lastly, new conforming endodontic files such as TRUShape (Dentsply Maillefer), XP finisher 
(FKG) and SAF (ReDent Nova) should be utilised for removal of obturation material as these 
instruments were designed to respect canal morphology and may increase canal wall 
contact thereby reducing the amount of non-accessible areas in eccentric canals. 
 
4.5 Conclusion 
 
The choice of material affects removability, with MTA being most difficult and a 
calcium hydroxide cement (Supercal™) the easiest to remove with a ParaPost™ drill. When 
epoxy resin-based sealers are present, almost half of the accessible canal walls remained 
coated with remnants of sealer after post-space preparation. Rotary drills used for post-
space preparation produce a circular cutting outline however the cross sectional shape of 
canals is rarely a uniform circular profile,159 so there are inherent challenges for balancing 
removal of the root filling and conserving as much radicular dentine as possible. The results 
of the present study also show that assessment using fluorescent-tagged materials under 
confocal laser scanning microscopy is a useful means to assess removability of endodontic 
materials. 
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Chapter 5. 
 
 
 
 
General discussion and future directions   
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5.1 General summary 
 
The aims of this study were to assess the performance of calcium hydroxide in 
various compositions, particularly in a non-aqueous solvent and to determine if its 
applications in dentistry can be enhanced and expanded. A summary of work relating to 
calcium hydroxide by others in the past and work completed in this thesis can be found in 
Table 5.1. 
 
      Table 5.1: Summary of work relating to this project.  
 
This illustration gives an overview of the work previously completed by others prior to 
this thesis and the work carried out in this thesis. 
 
 
The results from Chapter 2 indicated that calcium hydroxide exhibited different levels 
of hydroxyl ion release in various compositions. Non-aqueous solvents have shown an 
increased level of hydroxyl ion release and availability for prolonged periods. This was 
Methods	used
Calcium	hydroxide pH	electrode
Anthocyanin	dye
Odontocide
Calmix
Calasept
Pulpdent
PEG	only	control
Coronal	leakage Bacterial	challenge	-	saliva
Bacterial	challenge	-	single	species
Radioisotope	penetration
Fluid	filtration
Dye	penetration
AH26	+	GP
AH	Plus	+	GP
White	MTA
Grey	MTA
Supercal
Removability Stereomicroscope
SEM
Micro-CT
Laser	confocal	microscopy
AH26	+	GP
AH	Plus	+	GP
White	MTA
Grey	MTA
Supercal
Thesis	work
Work	by	others	before	thesis
Materials	tested
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demonstrated in the novel in vitro study involving human roots stained with anthocyanin dye 
as a pH indicator which has been studied previously in the food science industry.130 The use 
of non-aqueous compounds should therefore be considered as a preferred solvent when 
manufacturing endodontic medicaments containing calcium hydroxide. 
 
The coronal leakage study in Chapter 3 was carried out to assess the performance 
of calcium hydroxide as a cement for the permanent filling of a root canal space. The choice 
of a bacterial leakage model using fresh saliva subjected the roots to high levels of bacteria 
without the protection of a coronal seal. The results show that Supercal™ had a superior 
median survival time in comparison to the other materials particularly epoxy resin which is 
the most commonly used root canal sealer today. 
 
Apart from sealing capabilities, a root filling material should also be assessed for its 
ability to be removed. The study in Chapter 4 involved assessing the root canal walls after 
attempts at removing the root canal filling material with a post-preparation drill. The 
methodology involving fluorescent-labeling is shown to be more accurate and relevant in 
comparison to studies using scanning electron microscopy or stereomicroscopy undertaken 
in the past. The low amounts of Supercal™ remnants along the canal wall suggest this 
material is one step forward towards meeting the properties of an ideal obturating material 
defined by Grossman 20 as stated in Table 5.2. 
 
Table 5.2: The ideal root canal filling material. 
 
 
1. The material should be easily introduced into the root canal. 
2. It should seal the canal laterally as well as apically. 
3. It should not shrink after being inserted. 
4. It should be impervious to moisture. 
5. It should be bactericidal, or at least, should discourage growth. 
6. It should be radiopaque. 
7. It should not stain tooth structure. 
8. It should not irritate periradicular tissue or affect tooth structure. 
9. It should be sterile, or easily and quickly sterilised immediately before insertion. 
10. It should be easily removed from the root canal if necessary.  
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Calcium hydroxide materials have been used in dentistry for over a century, and the 
antibacterial properties due to hydroxyl ion release could be appealing for a sealer. 
Nevertheless, calcium hydroxide compositions in the past have failed to fulfill the 
characteristics of an ideal sealer as listed by Grossman 20 (Table 5.2). 
 
Commercially available calcium hydroxide-based root canal sealers (e.g. Sealapex™, 
Apexit™) have been advocated by manufacturers because of their antibacterial properties, 
however previous studies have shown that their antibacterial activity may be inadequate due 
to the low solubility of calcium hydroxide resulting in limited release of hydroxyl ions.162,163 
The issues regarding solubility of calcium hydroxide were explored in Chapter 2 of this thesis 
through investigations of increased calcium hydroxide solubility and subsequent hydroxyl 
ion release in non-aqueous solvents. Leakage resistance of calcium hydroxide-based root 
canal sealers has been found to be comparable to other sealer types.164-168 Other 
shortcomings of these earlier calcium hydroxide sealer compositions include dimensional 
instability from water sorption resulting in volumetric expansion 169 which may lead to post-
operative pain and vertical root fractures,44 as seen with earlier calcium oxide-based root 
canal sealers. With no distinct advantages over other sealer groups and limited antibacterial 
effect, the indication for using calcium hydroxide based sealers over other materials could 
not be justified. 
 
Supercal™ was designed to overcome the shortcomings of previous calcium hydroxide-
based root canal sealers. The use of a non-aqueous solvent (glycerol) increased calcium 
hydroxide solubility resulting in more hydroxyl ion availability for higher and longer pH 
elevation. As glycerol is a humectant, water levels in adjacent dentine are maintained, 
preventing dehydration of the material. The subsequent polymerisation of glycerol 
molecules triggered by hydroxyl ions with glycerol molecules results in a dense rigid material 
which provides dimensional stability and ensures a hermetic seal is maintained between the 
material and dentinal tubules. This sealing effect and antibacterial effects of hydroxyl ions 
released on contact with saliva are together the factors most likely to explain the superior 
leakage resistance of Supercal™ in comparison to other sealer groups, as shown in Chapter 
3.  
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Supercal™ contains zirconium dioxide as a radiopacifier to allow identification of the 
material on radiographs. The selection of zirconium dioxide instead of bismuth trioxide, the 
radiopacifier used in Sealapex™, AH26™ and MTA, was based on the concept of preventing 
staining over time, a point which was demonstrated previously with novel epoxy resin 
sealers where the bismuth trioxide was replaced with zirconium dioxide.126 Although a 
solvent for Supercal™ has not been identified, the set material is relatively soft and easily 
removed from canal walls, leaving minimal residue. Chapter 4 investigated the removability 
of Supercal™ and other common root canal filling materials, and demonstrated this 
desirable aspect. 
 
As discussed by Desai and Chandler 170 in their review article of calcium hydroxide-
based root canal filling sealers, at the time of writing the current calcium hydroxide-based 
root canal sealers showed similar leakage to other groups of sealers and failed to fulfill the 
criteria of an ideal sealer described by Grossman.20 Supercal™ however is a new and novel 
calcium hydroxide composition which attempts to address the previous shortcomings of 
calcium hydroxide-based root canal sealers, in order to better align with Grossman’s criteria 
for an ideal sealer or obturating material. 
 
Overall, the research work in this thesis extends the range of possible applications for 
calcium hydroxide materials by showing firstly that calcium hydroxide in non-aqueous 
solvents enhances its use as a disinfecting medicament, and secondly that when 
incorporated into a cement with glycerol it may have properties that are well suited to use 
for obturation of the root canal. 
 
 
5.2 Future research directions 
 
Based on the work performed in the thesis, five areas where future research can be 
directed have been identified.  
 
The first area is that of the biocompatibility of calcium hydroxide-based materials. 
There is an inherent issue with possible cytotoxicity to adjacent tissues with the use of 
calcium hydroxide-based materials as root canal filling materials, albeit such reactions are 
milder in comparison to other sealer materials.170 The level of alkalinity achievable with non-
aqueous solvents however is much higher than previous compositions of calcium hydroxide 
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studied hence new studies regarding the effects of very high alkalinity on adjacent tissues 
should be carried out. This is important for both the Calmix™ and Supercal™ compositions. 
 
The second area for further research relates to effects of calcium hydroxide materials 
on the physical properties of radicular dentine. Several studies associating the use of 
calcium hydroxide with reduced fracture strength of roots have been published.171-173 A 
systematic review by Yassen and Platt 174	reported a reduction in the mechanical properties 
of radicular dentine after exposure to calcium hydroxide for more than 5 weeks, however 
the studies were all conducted in vitro, testing water-based materials, and there were no 
clinical studies available for inclusion into their review. If there are concerns regarding 
alkaline materials per se, then the use of sodium hypochlorite solutions as endodontic 
irrigants should also be taken into account as a confounding factor, since this could 
contribute to reduced fracture strength of roots, by alkaline effects from the sodium 
hydroxide found in such solutions, as well as from proteolysis of dentine proteins.175 A long-
term clinical study regarding the fracture strength of roots should therefore be undertaken 
to assess potential drawbacks that may arise from prolonged use of a calcium hydroxide 
paste (such as in apexification) or a calcium hydroxide-based cement as a permanent bulk 
obturating material.  
 
The third area for further research is the effects of alkaline materials on bonding to 
dentine with resin-based materials. The study on removability of root canal filling materials 
presented in Chapter 4 focused on post-space preparations. In clinical practice, the post 
that is placed into such a space is likely to be bonded into place using a resin-based cement. 
As discussed in that chapter, high levels of alkalinity are known to break down collagen, 
hence the possible effects of highly alkaline irrigant solutions, medicament pastes and 
cements on resin bonding all require further examination. 
 
The fourth area for further research would be to examine the effectiveness of various 
methods for removing root filling materials. Given the successful use of protocol using 
fluorescent-labelled materials for confocal microscopic examination of horizontal slices of 
roots, a natural progression would be to use the same approach to assess root canal wall 
cleanliness using various solvents for the removal of GP with AH26™, and other root filling 
materials, as is done in re-treatment cases.  
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Finally, further work should be undertaken on the concept of obturating the canal with 
a calcium hydroxide cement such as Supercal™. While this material has given promising 
results, the work in the thesis was confined to laboratory-based studies. Direct extrapolation 
of the results of these to clinical situations cannot be made. Assessments of clinical 
performance using animal and human studies must be undertaken. 
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Appendix A – The influence of aqueous and PEG 400 solvent vehicles on hydroxyl 
ion release from calcium hydroxide medicaments. 
 
 
Fig. A1. Vertical height calibration of digital camera 
 
 
Fig. A2. Experimental setup. Root held upright with sticky wax. Colour reference card and 
calibration ruler placed as internal references. 
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Fig. A3. Screenshot of colour analysis methodology. A 10x10 pixel selection area (annotated 
with a black square) is made using the selection tool. White line is placed as marker to 
ensure samples at different distances from the canal wall are taken along a straight line and 
to align similar sample areas in subsequent images over time. Subsequent images are 
cropped and overlaid at reduced opacity over the initial image to ensure the white line drawn 
is registered accurately.  
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Fig. A4: Image sequence of coronal root surface treated with Calmix (Sample 1) over time. 
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Fig. A5: Image sequence of coronal root surface treated with Calmix (Sample 2) over time. 
	 109 
 
Fig. A6: Image sequence of coronal root surface treated with Calmix (Sample 3) over time. 
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Fig. A7: Image sequence of coronal root surface treated with Calasept Plus (Sample 1) 
over time. 
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Fig. A8: Image sequence of coronal root surface treated with Calasept Plus (Sample 2) 
over time. 
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Fig. A9: Image sequence of coronal root surface treated with Calasept Plus (Sample 3) 
over time. 
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Fig. A10: Image sequence of coronal root surface treated with Pulpdent (Sample 1) over 
time. 
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Fig. A11: Image sequence of coronal root surface treated with Pulpdent (Sample 2) over 
time. 
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Fig. A12: Image sequence of coronal root surface treated with Pulpdent (Sample 3) over 
time. 
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Fig. A13: Image sequence of coronal root surface treated with Odontocide (Sample 1) over 
time. 
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Fig. A14: Image sequence of coronal root surface treated with Odontocide (Sample 2) over 
time. 
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Fig. A15: Image sequence of coronal root surface treated with Odontocide (Sample 3) over 
time. 
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Fig. A16: Image sequence of coronal root surface treated with 10% calcium hydroxide in 
PEG 400 (Sample 1) over time. 
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Fig. A17: Image sequence of coronal root surface treated with 10% calcium hydroxide in 
PEG 400 (Sample 2) over time. 
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Fig. A18: Image sequence of coronal root surface treated with 10% calcium hydroxide in 
PEG 400 (Sample 3) over time. 
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Fig. A19: Image sequence of coronal root surface treated with 20% calcium hydroxide in 
PEG 400 (Sample 1) over time. 
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Fig. A20: Image sequence of coronal root surface treated with 20% calcium hydroxide in 
PEG 400 (Sample 2) over time. 
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Fig. A21: Image sequence of coronal root surface treated with 20% calcium hydroxide in 
PEG 400 (Sample 3) over time. 
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Fig. A22: Image sequence of coronal root surface treated with PEG 400 (Sample 1) over 
time. 
	 126 
 
Fig. A23: Image sequence of coronal root surface treated with PEG 400 (Sample 2) over 
time. 
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Fig. A24: Image sequence of coronal root surface treated with PEG 400 (Sample 3) over 
time. 
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Fig. A25: Image sequence of untreated coronal root surface (Sample 1) over time. 
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Fig. A26: Image sequence of untreated coronal root surface (Sample 2) over time. 
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Fig. A27: Legend for graphs showing change in colour channel versus time. Labels shown 
in this legend apply to graphs in Fig A28 to A43. 
 
 
 
Graphs for red channel 
 
 
Fig. A28: Changes in red channel over time for roots treated with Calmix. 
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Fig. A29: Changes in red channel over time for roots treated with Calasept Plus. 
 
 
 
 
Fig. A30: Changes in red channel over time for roots treated with Pulpdent. 
050
100150
200250
300350
0 5 10 15 20 25
Calasept
250 500 1000
050
100150
200250
300350
0 5 10 15 20 25
Pulpdent
250 500 1000
	 132 
 
 
Fig. A31: Changes in red channel over time for roots treated with Odontocide. 
 
 
 
 
Fig. A32: Changes in red channel over time for roots treated with 10% calcium hydroxide 
in PEG 400. 
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Fig. A33: Changes in red channel over time for roots treated with 20% calcium hydroxide 
in PEG 400. 
 
 
 
 
Fig. A34: Changes in red channel over time for roots treated with PEG 400. 
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Fig. A35: Changes in red channel over time for roots left untreated. 
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Graphs for green channel 
 
 
 
Fig. A36: Changes in green channel over time for roots treated with Calmix. 
 
 
 
 
Fig. A37: Changes in green channel over time for roots treated with Calasept Plus. 
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Fig. A38: Changes in green channel over time for roots treated with Pulpdent. 
 
 
 
 
Fig. A39: Changes in green channel over time for roots treated with Odontocide. 
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Fig. A40: Changes in green channel over time for roots treated with 10% calcium 
hydroxide in PEG 400. 
 
 
 
 
Fig. A41: Changes in green channel over time for roots treated with 20% calcium 
hydroxide in PEG 400. 
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Fig. A42: Changes in green channel over time for roots treated with PEG 400. 
 		
 
Fig. A43: Changes in green channel over time for roots untreated. 
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Table A1: Statistical analysis of changes from baseline in pixel data for Calmix. 
 
Calmix 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns 0.0189 ns 0.0189 ns ns 
14 0.0322 ns 0.0189 0.0322 ns ns 
21 0.0033 0.0108 0.0033 0.0322 0.0108 0.006 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference. 
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Table A2: Statistical analysis of changes from baseline in pixel data for Calasept. 
 
Calasept 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns ns ns ns ns ns 
14 ns ns ns ns ns ns 
21 0.0322 ns ns ns 0.0322 0.0322 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference. 
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Table A3: Statistical analysis of changes from baseline in pixel data for Pulpdent. 
 
Pulpdent 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns 0.0322 ns ns ns ns 
14 0.0189 ns 0.0189 0.0322 0.0322 0.0189 
21 0.0033 0.0189 0.0033 0.0033 0.0189 0.0189 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference. 
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Table A4: Statistical analysis of changes from baseline in pixel data for Odontocide. 
 
Odontocide 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns 0.0189 ns ns ns 0.0322 
14 ns ns 0.0189 ns 0.0189 ns 
21 ns ns ns ns 0.0108 ns 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference. 
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Table A5: Statistical analysis of changes from baseline in pixel data for 10% calcium 
hydroxide in PEG 400. 
 
10% Calcium 
hydroxide in  
PEG 400 
250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns ns ns ns ns ns 
14 ns ns ns ns ns ns 
21 ns ns ns ns ns ns 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference. 
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Table A6: Statistical analysis of changes from baseline in pixel data for 20% calcium 
hydroxide in PEG 400. 
 
20% Calcium 
hydroxide in 
PEG 400 
250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns ns 0.0322 ns 0.0189 0.0189 
14 0.0322 ns 0.0189 ns 0.0108 ns 
21 ns ns ns ns ns ns 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test.. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference.
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Table A7: Statistical analysis of changes from baseline in pixel data for PEG 400. 
 
PEG 400 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns ns ns ns ns ns 
14 ns ns ns ns ns ns 
21 ns ns ns ns ns ns 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of three independent experiments. ns = no 
significant difference.
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Table A8: Statistical analysis of changes from baseline in pixel data for untreated group. 
 
Open 250 µm 500 µm 1000 µm 
Day Red Green Red Green Red Green 
1 ns ns ns ns ns ns 
2 ns ns ns ns ns ns 
3 ns ns ns ns ns ns 
5 ns ns ns ns ns ns 
7 ns ns ns ns ns ns 
14 ns ns ns ns ns ns 
21 ns ns ns ns ns ns 
 
Changes in red and green channels measured from baseline, using Dunn’s multiple 
comparisons test. Sample areas were located 250, 500 and 1000 µm from the canal wall in 
the radicular dentine. Data are the mean of two independent experiments, as explained in 
the experimental methods. ns = no significant difference. 
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Appendix B – Coronal leakage from alkaline endodontic cements versus resin 
sealers. 
 
 
Composition of Supercal – hard setting alkaline cement 
Powder to Liquid ratio of 3:1 by weight. 
 
Powder 
 
Calcium hydroxide 40% by weight 
Calcium sulphate hemihydrate 10% by weight 
Barium sulphate 50% by weight 
 
Liquid 
Glycerol 100% 
 
Instructions for use 
Mix well for 1 minute before placing into the canal. 
Allow 24 hours for complete setting. 
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Fig. B1: Coronal view of inverted upper lid. Reservoir for placement of BHI and saliva 
mixture. Wax used to seal canal opening for negative control sample. 
 
 
 
 
 
Fig. B2: Negative control sample preparation. Apical third of root covered with wax. Nail 
varnish was painted on root surface to seal any undetected cracks and lateral canals. 
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Fig. B3: Storage of samples. Samples stored in an air-tight container with wet paper towels 
to ensure maintenance of humidity. 
 
 
 
 
Fig. B4: Photograph of experiment in progress. Inverted upper lid with coronal root surface 
submerged in mixture of BHI and saliva.  
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Fig. B5: Radiograph of roots obturated with MTA. 
 		
 
 
Fig. B6: Radiograph of roots obturated with Supercal.  
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Raw Data 
 
Table B1: Raw data for experimental model. 
 
Day AH Plus Zirmix Nex MTA MTAmix Supercal PC NC 
0 20 20 20 20 20 20 20 
1 20 20 19 20 20 5 20 
2 20 20 19 19 20 0 20 
3 20 20 19 16 18 0 20 
4 20 19 16 13 18 0 20 
5 20 18 16 12 18 0 20 
6 18 17 15 5 17 0 20 
7 17 17 15 5 16 0 20 
8 16 17 13 5 16 0 18 
9 16 17 11 5 13 0 18 
10 15 16 10 5 13 0 17 
11 13 16 10 4 13 0 17 
12 13 16 9 4 13 0 17 
13 13 15 9 4 13 0 17 
14 12 13 9 3 13 0 17 
15 10 13 9 3 13 0 17 
16 9 13 9 3 13 0 17 
17 9 13 9 3 13 0 17 
18 9 13 9 3 13 0 17 
19 9 11 9 3 13 0 17 
20 8 10 9 3 13 0 17 
21 7 9 9 2 13 0 17 
22 6 7 7 2 13 0 17 
23 6 7 7 2 13 0 17 
24 6 6 7 2 12 0 17 
25 6 6 7 2 12 0 17 
26 6 6 7 1 11 0 17 
27 5 6 7 1 10 0 17 
28 5 5 7 1 10 0 17 
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29 5 5 7 1 9 0 16 
30 5 4 7 1 9 0 16 
31 3 4 7 1 9 0 16 
32 2 3 7 1 9 0 16 
33 2 3 7 1 8 0 16 
34 2 3 7 1 8 0 16 
35 2 3 7 1 8 0 16 
36 2 3 7 1 7 0 16 
37 1 3 7 1 7 0 16 
38 1 2 7 1 7 0 16 
39 1 2 7 1 7 0 16 
40 1 2 7 1 7 0 16 
41 1 2 7 1 7 0 16 
42 1 2 7 1 7 0 16 
43 1 2 7 1 7 0 16 
44 1 2 6 1 7 0 15 
45 1 2 6 1 7 0 15 
46 1 2 6 1 7 0 15 
47 1 2 4 1 7 0 15 
48 0 2 4 1 7 0 15 
49 0 2 4 1 7 0 15 
50 0 2 4 1 7 0 15 
51 0 2 4 1 7 0 15 
52 0 2 3 1 7 0 15 
53 0 2 3 1 7 0 15 
54 0 2 3 1 7 0 15 
55 0 2 3 1 6 0 15 
56 0 2 3 1 6 0 14 
57 0 2 3 1 6 0 14 
58 0 2 3 1 6 0 14 
59 0 2 3 1 6 0 14 
60 0 2 3 1 6 0 14 
61 0 2 3 1 6 0 14 
62 0 2 3 1 6 0 13 
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63 0 2 3 1 6 0 13 
64 0 2 3 1 6 0 13 
65 0 2 3 1 6 0 13 
66 0 2 3 1 6 0 13 
67 0 2 3 1 6 0 13 
68 0 2 2 1 6 0 13 
69 0 2 2 1 6 0 13 
70 0 2 2 1 6 0 13 
71 0 2 2 1 6 0 13 
72 0 2 2 1 6 0 13 
73 0 2 2 1 6 0 12 
74 0 2 2 1 6 0 12 
75 0 2 2 1 6 0 12 
76 0 2 2 1 6 0 12 
77 0 1 2 1 6 0 12 
78 0 1 2 1 6 0 12 
79 0 1 2 1 6 0 12 
80 0 1 2 1 6 0 12 
81 0 1 2 1 6 0 12 
82 0 1 2 1 6 0 12 
83 0 1 2 1 6 0 12 
84 0 1 2 1 6 0 12 
85 0 1 2 1 5 0 11 
86 0 1 2 1 5 0 11 
87 0 1 2 1 5 0 11 
88 0 1 2 1 5 0 11 
89 0 1 2 1 5 0 11 
90 0 1* 2* 1* 5* 0 11* 
 
Raw data of the number of samples surviving for each group at a given day. 
* indicates survival at 90 days when experiment was concluded. 
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Appendix C –  
Removability of endodontic sealers and cements: a confocal microscopic study 
 
 
 
 
 
Fig. C1: Method for assessing canal wall cleanliness. Angular measurements taken from 
confocal laser scanning microscope sections using a protractor printed on transparency film 
overlaid onto the display monitor. 
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Table C1: Raw data from measurements on canal walls for Group 1 (AH-Plus). 
 
Material No. Clean Unclean N/A % N/A 
AH-Plus 1 140 150 70 19.44 
  2 110 215 35 9.72 
  3 69 262 29 8.06 
  4 220 93 47 13.06 
  5 97 170 93 25.83 
  6 129 94 137 38.06 
  7 105 255 0 0.00 
  8 118 203 39 10.83 
  9 208 112 40 11.11 
  10 102 194 64 17.78 
  11 256 71 33 9.17 
  12 136 169 55 15.28 
  13 150 210 0 0.00 
  14 97 203 60 16.67 
  15 182 80 98 27.22 
  16 231 89 40 11.11 
 
Regions on the circumference of the post space were classified as clean, unclean or non-
accessible, as shown in Figure 4.4 and as described in the experimental methods. Data for 
regions described as Clean, Unclean, and N/A in the columns above are expressed in 
degrees, followed by N/A in percent. 
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Table C2: Raw data from measurements on canal walls for Group 2 (Zirmix). 
 
Material No. Clean Unclean N/A % N/A 
Zirmix 1 180 180 0 0.00 
  2 271 89 0 0.00 
  3 140 145 75 20.83 
  4 135 175 50 13.89 
  5 186 174 0 0.00 
  6 222 138 0 0.00 
  7 152 133 75 20.83 
  8 194 55 111 30.83 
  9 182 120 58 16.11 
  10 127 164 69 19.17 
  11 223 94 43 11.94 
  12 98 122 140 38.89 
  13 310 50 0 0.00 
  14 360 0 0 0.00 
  15 336 24 0 0.00 
  16 235 125 0 0.00 
 
Regions on the circumference of the post space were classified as clean, unclean or non-
accessible, as shown in Figure 4.4 and as described in the experimental methods. Data for 
regions described as Clean, Unclean, and N/A in the columns above are expressed in 
degrees, followed by N/A in percent. 
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Table C3: Raw data from measurements on canal walls for Group 4 (MTAmix). 
 
Material No. Clean Unclean N/A % N/A 
MTAmix 1 122 238 0 0.00 
  2 100 167 93 25.83 
  3 105 255 0 0.00 
  4 165 195 0 0.00 
  5 41 251 68 18.89 
  6 354 6 0 0.00 
  7 100 200 60 16.67 
  8 23 75 262 72.78 
  9 130 118 112 31.11 
  10 103 257 0 0.00 
  11 302 58 0 0.00 
  12 360 0 0 0.00 
  13 263 0 97 26.94 
  14 201 62 97 26.94 
  15 292 0 68 18.89 
  16 304 56 0 0.00 
 
Regions on the circumference of the post space were classified as clean, unclean or non-
accessible, as shown in Figure 4.4 and as described in the experimental methods. Data for 
regions described as Clean, Unclean, and N/A in the columns above are expressed in 
degrees, followed by N/A in percent. 
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Table C4: Raw data from measurements on canal walls for Group 5 (Supercal). 
 
Material No. Clean Unclean N/A % N/A 
Supercal 1 358 2 0 0.00 
  2 240 0 120 33.33 
  3 350 0 10 2.78 
  4 347 0 13 3.61 
  5 284 0 76 21.11 
  6 295 0 65 18.06 
  7 264 0 96 26.67 
  8 231 129 0 0.00 
  9 239 37 84 23.33 
  10 308 24 28 7.78 
  11 335 0 25 6.94 
  12 275 0 85 23.61 
  13 315 0 45 12.50 
  14 360 0 0 0.00 
  15 220 55 85 23.61 
  16 293 0 67 18.61 
 
Regions on the circumference of the post space were classified as clean, unclean or non-
accessible, as shown in Figure 4.4 and as described in the experimental methods. Data for 
regions described as Clean, Unclean, and N/A in the columns above are expressed in 
degrees, followed by N/A in percent. 
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Table C5: Eccentricity measurements for Group 1 (AH-Plus). 
 
Material No. 
Major 
axis 
Minor 
axis Eccentricity 
AH-Plus 1 6430 3815 0.80497215 
  2 6314 3799 0.798738137 
  3 7447 4982 0.7432676 
  4 6085 4322 0.703928179 
  5 7314 4428 0.795910521 
  6 6054 4664 0.637561171 
  7 5740 4693 0.575792564 
  8 5432 4071 0.662063531 
  9 6208 4247 0.729372034 
  10 5324 3136 0.808110582 
  11 5677 4326 0.647583668 
  12 7993 5252 0.75382526 
  13 5718 4336 0.651897493 
  14 7221 4313 0.802028553 
  15 6722 4926 0.680425121 
  16 7427 5653 0.648585531 
 
Major axis and Minor axis are expressed in µm 
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Table C6: Eccentricity measurements for Group 2 (Zirmix). 
 
Material No. 
Major 
axis 
Minor 
axis Eccentricity 
Zirmix 1 5847 3520 0.798482418 
  2 6500 6034 0.371812894 
  3 6647 3788 0.82172713 
  4 6769 4914 0.687740549 
  5 6225 4916 0.613468905 
  6 6129 6029 0.17990426 
  7 8500 5780 0.733212111 
  8 6714 4241 0.77524132 
  9 7633 5303 0.719254689 
  10 8103 4804 0.80530051 
  11 6243 5475 0.480522825 
  12 7803 6500 0.5532535 
  13 6357 4629 0.685392669 
  14 4906 4522 0.387835764 
  15 5833 4443 0.647929079 
  16 7700 5113 0.747709506 
Major axis and Minor axis are expressed in µm 
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Table C7: Eccentricity measurements for Group 4 (MTAmix). 
 
Material No. 
Major 
axis 
Minor 
axis Eccentricity 
MTAmix 1 6627 4886 0.675579818 
  2 8089 3893 0.876571935 
  3 7333 4262 0.813754868 
  4 6647 5195 0.623835604 
  5 8093 5210 0.765222227 
  6 6877 5460 0.607981946 
  7 7084 4540 0.767640362 
  8 7968 5688 0.700293108 
  9 6700 4400 0.754137618 
  10 6871 4389 0.769396374 
  11 6600 4179 0.774003091 
  12 5814 3845 0.750090929 
  13 7827 6075 0.630536685 
  14 8405 5690 0.736003262 
  15 8098 4607 0.822402623 
  16 6999 4850 0.720979745 
Major axis and Minor axis are expressed in µm 
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Table C8: Eccentricity measurements for Group 5 (Supercal). 
 
Material No. 
Major 
axis 
Minor 
axis Eccentricity 
Supercal 1 5594 4219 0.656643707 
  2 7098 5032 0.705276745 
  3 7217 5538 0.641222679 
  4 5942 3295 0.832165669 
  5 7679 5018 0.75695198 
  6 9186 5196 0.824649973 
  7 7059 4659 0.751258132 
  8 5896 3642 0.786408393 
  9 9043 5278 0.812001127 
  10 8120 5057 0.782394416 
  11 7777 4971 0.769046787 
  12 6095 4401 0.691822853 
  13 6382 4440 0.718325986 
  14 6596 3734 0.824336118 
  15 5957 5179 0.494113602 
  16 7009 4377 0.781038554 
Major axis and Minor axis are expressed in µm 
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Appendix D – Publication arising from this project. 
 
 
Accepted author manuscript of the following publication is attached in the following pages. 
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Abstract 
Objectives: Calcium hydroxide pastes have been used in endodontics since 1947. Most 
current calcium hydroxide endodontic pastes use water as the vehicle, which limits the 
dissolution of calcium hydroxide which can be achieved and thereby the maximal hydroxyl 
ion release which can be achieved within the root canal system. Methods and Materials: 
This study compared the ionic properties of calcium hydroxide solutions in water or 
polyethylene glycol (PEG), then the ionic properties of commercial endodontic medicaments 
made using water or PEG, and finally hydroxyl ion release into radicular dentine in vitro 
using a new model with colour change in anthocyanin stained roots. Results: PEG 400 as 
a solvent gave a higher pH and more bio-available hydroxyl ions than water. Commercial 
pastes made using PEG 400 as the solvent showed a greater pH than those formulated with 
aqueous vehicles (water or saline). Hydroxyl ion penetration into roots under physiological 
conditions was greater when PEG was used as the medicament base than mixtures of PEG 
and water. Clinical significance: Enhanced availability and release of hydroxyl ions will 
enhance antimicrobial actions of calcium hydroxide when it is the active agent in endodontic 
medicaments. 
 
Keywords: Calcium hydroxide, PEG 400, non-aqueous solvents, pH 
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Introduction 
 
Hydroxyl ion release from calcium hydroxide is responsible for the key attributes of 
broad spectrum antimicrobial activity, penetration into biofilms, inhibition of endotoxins, and 
dissolution of organic tissues.1,2 The maximum solubility of calcium hydroxide in water at 
25°C is only 0.159 g/100mL (0.16%), and this reduces to 0.140 g/100 mL (0.14%) at 40°C, 
with an accompanying decrease of 0.033 pH unit/°C with increasing temperature.3 Calcium 
hydroxide is much less soluble in water than sodium hydroxide or potassium hydroxide, 
however both the latter too caustic to soft tissues for clinical use.4 
 
To gain the greatest antimicrobial actions, release of hydroxyl ions from endodontic 
pastes must be optimized. Traditional water-based calcium hydroxide pastes have a long 
history of clinical use, with Pulpdent™ paste (Pulpdent Corporation, Watertown, 
Massachusetts, USA) having been on the market since 1947. In products with a water-based 
vehicle (e.g. distilled water or saline), the common ion effect operates, since water already 
contains some free hydroxyl ions. Most calcium hydroxide endodontic pastes which are 
water-based calcium hydroxide contain a large excess of calcium hydroxide, well beyond 
that which can be dissolved.2 Placing calcium hydroxide into water in amounts above the 
solubility limit will not elevate the pH which can be achieved, since no further material can 
dissolve. The undissolved material will act as a filler or thickener in the paste, and as 
hydroxyl ions diffuse into the surrounding environment, it can also act as a reservoir. 
 
There is a long history of the use of non-aqueous liquids in endodontic pastes, going 
back to the mid-1970’s when components such as polyethylene glycol (PEG) 400 were 
added to alter the viscosity to improve the clinical handling of the paste. As an example, the 
1976 formulation of a calcium hydroxide paste (Calen) included both PEG 400 and 
colophony resin, with the latter being a thickening agent. Other viscosity modifiers used in 
calcium hydroxide pastes have included glycerol and propylene glycol.1 It is now recognised 
that such non-aqueous liquids are not merely passive agents, but may actively contribute to 
the chemical and biological properties of the paste, by enhancing dissolution of calcium 
hydroxide and release of hydroxyl ions. PEG 400 is used in contemporary endodontic pastes 
which contain calcium hydroxide, calcium hydroxide plus ibuprofen, or antibiotics and 
corticosteroids.  
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The aim of the present study was therefore to assess the chemical properties of PEG 
400 when used as a non-aqueous solvent for calcium hydroxide, with a particular emphasis 
on the release of hydroxyl ions. Such release can be considered in terms of the pOH and 
pH scales. While originally theorised by Sorensen for water-based solutions, it is now well 
known that the pH scale can also be used as a measure of the acid-base properties of non-
aqueous solutions.5,6 This is done typically using research-grade pH meters that display 
both pH (from -2.00 to +20.00) and millivolts, and which are fitted with either conventional 
electrodes or electrodes specifically designed for the measurement of non-aqueous 
solutions, using reference electrolytes such as lithium chloride 2 mol/l in ethanol or 
tetraethylammonium bromide (TEABr) 0.4 mol/l in ethylene glycol), for acidic and alkaline 
materials, respectively. Using such meters and electrodes, assessments of hydroxyl ion 
concentration (pOH) and pH can be made for aqueous and non-aqueous materials. There 
are mathematical relationships between pOH, pH and millivoltage (Table 1). When 
considering the ionic properties of non-aqueous solvents, one has to consider dissociation 
of the solvent and the slower response time of non-aqueous electrodes, which require 
extended measurement times. Thus, the first part of the study assessed ionic properties of 
calcium hydroxide in different solvents, the second the ionic properties of calcium hydroxide 
medicaments with different compositions, and the third the diffusion of hydroxyl ions into 
roots of extracted teeth. 
 
Table 1. Relationships between ion concentrations, pH, pOH and millivoltage  
pH H+ 
concentration 
(mol/l) 
pOH OH-  
concentration 
(mol/l) 
mV 
0 1 14 1x10-14 +414.12 
1 0.1 13 1x10-13 +354.96 
4 1x10-4 10 1x10-10 +177.48 
7 1x 10-7 7 1x 10-7 0 
9 1x 10-9 5 1x 10-5 -118.32 
12 1x 10-12 2 0.01 -295.80 
14 1x 10-14 0 1 -414.12 
 
Mathematical relationships seen in pure water at 25oC between pH, pOH, hydroxyl ion 
concentrations and millivoltage recordings for conventional pH electrodes with KCl 
electrolyte. 
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Materials and Methods  
 
Part 1. Ionic properties of solutions 
 
A research grade pH meter (model HI 4222, Hanna Instruments, Woodsocket, Rhode 
Island, USA) was used for all measurements. The meter was calibrated using four standard 
aqueous buffers at pH values of 4, 7, 10, and 13 (ACR Chemical Reagents, Moorooka, 
Queensland, Australia). Two different electrodes were used to measure the pH in 
medicaments and different calcium hydroxide/PEG 400 mixtures, the first being a 
conventional electrode (model IJ-44C, Ionode, Tennyson, Queensland, Australia), while the 
second was designed specifically for non-aqueous solvents (Solvotrode, Metrohm 
Instruments, Gladesville, NSW, Australia), and contained 2% lithium chloride in ethanol as 
the reference electrolyte. As instructed by the latter electrode manufacturer, for testing 
alkaline materials the lithium chloride in ethanol electrolyte was removed and replaced with 
a solution of TEABr in ethylene glycol prior to use. When the electrodes were not in use they 
were stored in their recommended storage solutions (2% KCl in water for the Ionode 
electrode, and TEABr in ethylene glycol for the Solvotrode electrode).  
 
The pH of various concentrations of calcium hydroxide (analytical grade, Chem-
Supply, Gillman, South Australia, Australia) placed in ultrapure water or polyethylene glycol 
400 (Ace Chemical Company, Camden Park, South Australia, Australia) was measured, at 
final concentrations of 5%, 10%, 20% and 40%. Calcium hydroxide powder was added to 
PEG 400 in disposable plastic clear tubes 15 mm diameter and 95 mm high, and mixed 
vigorously using a metal spatula for 20 seconds to achieve a uniform mix. The Solvotrode 
electrode was inserted into this mixture and the pH recorded at room temperature (23OC) 
every 5 minutes until a stable measurement was reached.  
 
The pH values of five separate samples for each of the different concentration of 
calcium hydroxide/PEG 400 mixtures were recorded. For all pH measurements, values were 
tracked over time until they became consistent. For the different mixtures of calcium 
hydroxide in PEG 400, between 60 and 140 minutes was required before a stable value was 
reached. Recorded values for pH from five independent experiments were assessed for 
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normality, and then differences analyzed using Student’s t test, or analysis of variance with 
Bonferroni post-tests. Data sets met requirements for parametric statistical comparisons.  
 
Part 2. Ionic properties of medicaments 
 
The pH of four commercial calcium hydroxide medicaments was measured. Two of 
the commercial medicaments were water based (Pulpdent™ paste, Pulpdent Corporation, 
Watertown, Massachusetts, USA, and Calasept Plus™, Nordiska Dental, Angelholm, 
Sweden) and two used PEG 400 as their base (Odontocide™, Australian Dental 
Manufacturing, Kenmore Hills, Queensland, Australia, and Calmix™, Ozdent, Castle Hill, 
NSW, Australia). The composition of these medicaments is given in Table 2.  
 
Table 2. Components of commercial calcium hydroxide pastes  
 Pulpdent Calasept 
Plus 
CalMix  Odontocide  
Active 
ingredients  
39-42% 
Ca(OH)2   
41.07 % 
Ca(OH)2   
37.5% 
Ca(OH)2   
20% Ca(OH)2   
7% Ibuprofen  
Vehicle Water Isotonic 
saline 
45.5% PEG 
400  
61% PEG 
400  
5% Water  
Thickener Methyl 
cellulose 
Nil PEG 4000  2.3% PEG 
3000 
Radiopaque 
agent 
Barium 
sulphate 
8.33% Barium 
sulphate 
14% 
Zirconium 
dioxide  
2% Barium 
sulphate 
Components are shown in percentages by weight. Information on product composition 
was obtained from material safety data sheets and manufacturer websites. 
 
For the two PEG 400-based commercial medicaments (Calmix, Odontocide) between 
60 and 140 minutes was required before a stable value was reached, whilst the water based 
medicaments (Pulpdent, Calasept plus) took only 10 minutes to reach a stable pH value. 
For Pulpdent and Calasept Plus (aqueous solvent), between measurements the electrode 
was washed by vigorous stirring in three separate lots of distilled water for 2 minutes each 
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to remove any paste on the electrode, and to reduce the final pH registered on the electrode 
to approximately pH 7, to ensure a neutral reading at the electrode tip prior to further 
readings. For Calmix and Odontocide (PEG solvent), the same regimen was followed, but 
the electrodes were then placed in their relevant storage solutions for a minimum period of 
five minutes to replenish the electrode tip after which it was washed in distilled water.  
 
Part 3. Hydroxyl ion release into radicular dentine 
 
The experimental model involved tracking changes in the colour of anthocyanin dye 
in stained roots kept at physiological conditions. Anthocyanin is the pH indicator found in 
red cabbage, and it undergoes multiple colour changes with pH over the alkaline range, with 
corresponding increases in both the red and green channels as the colour changes. A series 
of buffers from pH 8.0 to 13.0 were prepared to serve as a reference for changes in pixel 
data (Fig. 1). Extracted human permanent teeth were collected from an oral surgery clinic 
with the approval of the institutional ethics committee. A total of 15 single-canal teeth free 
from intrinsic discolouration or translucency were selected, then the crowns removed at the 
cemento-enamel junction and the root face smoothened to form a flat coronal surface using 
abrasive discs. After patency of root canals was confirmed using a #8 K-file (Dentsply 
Maillefer, Switzerland), they were then prepared with NiTi rotary instruments (ProTaper 
Next, Dentsply Maillefer, Switzerland) to size X3 with variable taper and an apical 
preparation of ISO #30. The root canals were irrigated alternately with sodium hypochlorite 
and ethylenediaminetetraacetic acid (EDTA) using syringes with side-vented needles. After 
a final irrigation step using EDTA for 2 minutes, the canals were dried with paper points, and 
the roots placed in saline at room temperature for 24 hours to neutralise any remnants of 
sodium hypochlorite. 
 
To stain the roots, a 3% solution of anthocyanin (Red Cabbage Jiffy Juice™ powder) 
in water was prepared. The prepared roots were removed from the saline bath and dried 
with paper towels and paper points, and the canals then irrigated with dye solution before 
submerging the roots into the dye for 48 hours. This achieved a uniform purple stain 
throughout the root. The stained roots were dried with paper towels and mounted upright 
using sticky wax onto a holder so that the coronal surface of the root could be photographed 
using a digital camera under fixed conditions (constant lighting, distance and exposure 
settings) together with a colour reference card and a calibration ruler, to obtain a baseline 
image as a reference point from which subsequent changes could be measured. The roots 
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were assigned randomly assigned to 5 groups of 3 each. One served as an untreated control 
in which no medicament was placed. The four treatment groups were PEG 400 as a vehicle 
control, 20% calcium hydroxide in PEG 400, Odontocide and Calmix. The materials were 
injected into the root canal under positive pressure until excess was seen to extrude apically. 
After removing excess material on the coronal and outer surface of each root, the apex was 
sealed with molten wax, and each root then placed into an individual Eppendorf tube which 
was filled with anthocyanin dye solution to a level just below the coronal surface of the tooth. 
The samples were then maintained at 37˚C in an incubator for 3 weeks.  
 
 
 
 
Fig. 1. Colour changes in anthocyanin dye according to pH, using a series of buffers 
with pH values from 8 to 13. The upper panel (A) shows the visual appearance of a 
solution of anthocyanin dye as pH alters. Each vial has the same concentration of 
dye. The lower panel (B) shows the digital pixel data for red and green channels for 
the pH standards. There is a consistent increase in both parameters as the pH rises.  
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Digital photographs of the coronal surface of the roots were taken after 1, 2, 3, 5, 7, 
14, and 21 days. Image analysis was undertaken using Adobe Photoshop™ CS6 Extended 
software to track changes in each root over time, and calculate the colour change in red and 
green channels from the baseline using a repeated measures assessment. The selected 
area of interest was located 500 microns from the root canal walls, as this was considered 
the greatest depth into the tubules that microorganisms would likely be found. The selected 
area (10 X 10 pixels) was identical on sequential images of each root. Pixel information was 
collected using the histogram tool, which gave red and green values for the selected area 
on a scale with 256 points. The extent of change from baseline was calculated for the three 
replicates for each group, and analysed using GraphPad Prism™ software applying non-
parametric analyses for repeated samples as well as intra-group comparisons. 
 
Results  
 
Ionic properties of solutions 
 
When the pH of 5%, 10%, 20% and 40% solutions of calcium hydroxide in water or 
PEG400 was measured every 5 minutes for 2 hours using both a conventional electrode 
with KCl electrolyte (Ionode), and an electrode designed specifically for alkaline non- 
aqueous solvents (Solvotrode) containing TEABr in ethylene glycol, PEG 400 as a solvent 
for calcium hydroxide gave a higher pH than water. Water solutions gave pH values which 
reached a plateau at 12.7. For solutions of calcium hydroxide in PEG 400, the pH increased 
with the concentration of calcium hydroxide, and there was a significant positive association 
with concentration (P<0.001) (Table 3).  
 
With the Ionode electrode, the pH differential between 5% and 40% mixtures was 
1.87, and 1.74 with the Solvotrode electrode. Differences in the readings between the two 
electrodes were consistent, and were statistically significant at each concentration (P<0.02). 
The Solvotrode electrode recorded higher pH values by 0.19-0.36 pH units for all mixtures. 
The non-aqueous electrode consistently recorded significantly higher pH values by 0.19-
0.36 pH units for all mixtures and medicaments (P<0.02). pH increased by 1.74-1.87 pH 
units between the 5% and 40% calcium hydroxide mixtures in PEG 400 (P<0.001) with the 
KCl and TEABr electrodes respectively. 
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Table 3.  The pH of calcium hydroxide in PEG 400 
Ca(OH)2  
concentration 
5% 10% 20 % 40% 
Ionode 
electrode  
12.918 d 
(0.115) 
13.344 c 
(0.117) 
13.938 b 
(0.066) 
14.75 a 
(0.089) 
Solvotrode 
electrode 
13.260 d 
(0.083) 
13.598 c 
(0.063) 
14.298 b 
(0.078) 
14.940 a 
(0.118) 
 
Data show the mean and SD from five independent experiments. Letters indicate statistical 
groupings across each row, ranked from highest pH (a) to lowest pH (d). 
 
 
Ionic properties of medicaments 
 
Medicaments based on PEG400 had a more alkaline pH (Table 4). Differences in the 
readings between the two electrodes were consistent, with the TEABr electrode always 
being higher by 0.05-0.16 pH units. The ranking of medicaments from most alkaline to least 
alkaline was Calmix, Odontocide, Pulpdent and then Calasept Plus, with both electrodes. 
Measured pH differences between materials were statistically significant (P<0.001). With 
the Ionode electrode, all measured pH differences between materials were statistically 
significant (P<0.001), except for Pulpdent versus Calasept Plus. In contrast, with the 
Solvotrode electrode, all differences between Calmix and other materials were statistically 
significant (P<0.001), but there was no significant difference between the other three pastes. 
Differences in the readings between the two electrodes were consistent, with the Solvotrode 
electrode always being higher by 0.05-0.16 pH units. Differences in the readings between 
the two electrodes were statistically significant for all materials (P<0.04) other than for 
Odontocide, where the trend was the same (P=0.6065). 
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Table 4. The pH of commercial endodontic pastes measured using two different electrodes 
  Pulpdent Calasept Plus Odontocide Calmix 
Ionode 
electrode 
12.706 c 
(0.006) 
12.662 c 
(0.017) 
13.170 b 
(0.025) 
14.996 a 
(0.010) 
Solvotrode 
electrode 
12.862 b 
(0.008) 
12.710 b 
(0.012) 
13.062 b 
(0.450) 
15.162 a 
(0.108) 
pH value 
stated by 
manufacturer 
> 12.0 12.4 12.5 >13.5 
 
Data show the mean and SD from five independent experiments. Letters indicate statistical 
groupings across each row, ranked from highest pH (a) to lowest pH (c). Information on 
product pH stated by the manufacturer was obtained from material safety data sheets and 
manufacturer websites. 
 
 
The measured pH values for Odontocide, which contains 20% calcium hydroxide in 
PEG 400 as well as ibuprofen, were not significantly different from those of the 5% calcium 
hydroxide in PEG 400 mixture. In contrast, the pH values for Calmix, which contains 37.5% 
calcium hydroxide in PEG 400, were significantly higher than those obtained for 40% 
calcium hydroxide in PEG 400 (P<0.05).  
 
Hydroxyl ion release into roots 
 
Tracking the extent of colour change over 3 weeks in the stained roots revealed that 
there were no changes in untreated roots with open canals or in canals treated with PEG 
400 only (Fig. 2). There were obvious changes in the stained roots over the 3 week period 
of the experiment, with the characteristic change from a deep purple-blue baseline colour to 
a yellow colour for the dentine adjacent to the root canal. From gross observation, such 
changes were most apparent with Calmix (Fig. 3). Quantitative analysis of changes in colour 
revealed positive changes in both green and red pixel data at 500 microns from the canal 
wall with each of the three calcium hydroxide materials, indicating that elevations in the pH 
of the root dentine had occurred progressively over the first 7 days and had then begun to 
stabilize. The groups were ranked in terms of greatest change to least as Calmix > 
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Odontocide > 20% calcium hydroxide in PEG. Differences between treatments were 
statistically significant at 7 days and beyond for green and red channel data, with Calmix 
superior to other groups. After 7 days, the colour change continued to rise slowly for Calmix 
but began to decline for Odontocide, indicative of buffering of hydroxyl ions by dentine.  
 
 
 
 
Fig. 2. Quantitative assessment of changes from baseline in pixel data for the red 
(upper) and green (lower) channels for a sample area located 500 microns from the 
canal wall in the radicular dentine. The effects of two pastes containing PEG 400 
(Calmix in green and Odontocide in red) are compared to 20% calcium hydroxide in 
PEG (grey). PEG 400 alone (purple) and an empty canal (black). Data are the mean 
of three independent experiments. 
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Fig. 3. Typical examples of anthocyanin-stained roots showing colour changes due to 
hydroxyl ion release from medicaments over time, with the colour shifting from purple-
blue to green and then yellow as pH rises from the canal walls through the dentine. 
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Discussion  
 
The results of this study provide several insights into the behaviour of calcium 
hydroxide in different solvents. The results of the first part of the study showed that 
compared to water, polyethylene glycol 400 when used as a solvent allows high pH values 
to be achieved, which are above pH 12.4, the nominal limit for aqueous pastes. While PEG 
400 was first used as a viscosity modifier in the endodontic paste Calen in the 1970’s, its 
ability to alter hydroxyl ion release is a novel finding. The present results indicate that PEG 
400 is a suitable solvent for calcium hydroxide. Chemically, this is due to the large number 
of ethylene oxide groups along its backbone, which allows PEG to form complexes with 
metal cations, including calcium ions.7 Such binding of calcium ions drives the dissociation 
of calcium hydroxide, thus releasing more free hydroxyl ions. This notion is supported by 
the quantitative results of the root dentine experiment, which showed greater levels of 
available ions at the same location in the dentine. 
 
PEG 400 is a colourless water soluble and hygroscopic polymer that is miscible with 
water in all proportions, which explains why PEG 400 can be used as a solvent in its own 
right with or without the addition of water. PEG is classified as “Generally Recognized as 
Safe” and has high biocompatibility.7 It has a suitable viscosity for delivery through a fine tip. 
When used without any added water, as in the case of Calmix, the material will not dry out 
over time.  
 
Calcium hydroxide pastes produce a high alkaline pH when measured directly with 
pH electrodes, as shown in the second part of this study, but under clinical conditions the 
released hydroxyl ions have to diffuse throughout the dentine, during which some buffering 
will occur from both inorganic and organic components. A saturated aqueous solution of 
calcium hydroxide is easily buffered by dentine 8 as has been seen when dentine powder is 
added to saturated calcium hydroxide solutions. This emphasizes the rationale behind third 
part of the study, which measured alkalinizing effects in radicular dentine using anthocyanin 
dye. This dye was chosen because colour changes correspond to pH changes in a 
predictable manner giving a gradual change between colours, from purple-blue to green and 
then to yellow as pH increases into the highly alkaline range.  
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The antimicrobial activity of calcium hydroxide is based on effective release of 
hydroxide ions, which destroy phospholipids of microbial cell membranes as well as bacterial 
DNA.9,10 It is therefore important that hydroxide ions penetrate into the dentine of the root in 
sufficient concentration to overwhelm the buffering effects of dentine and cause a highly 
alkaline pH environment to be sustained both within the root canal system and the adjacent 
dentine, in order to suppress growth of microorganisms, particularly resistant species such 
as Enterococcus faecalis, which are able to survive and form biofilms in a pH 10 
environment. E. faecalis is however inactivated by alkaline environments at pH values 
around 11.5 to 11.9.11,12 The rationale for using a non-water solvent such as PEG 400 is to 
help achieve a sufficiently high pH at the canal walls and into the inner radicular dentine to 
reach this objective.  
 
Conclusions  
 
While the concepts of ionic equilibria and pH in non-aqueous solvents have been well 
documented in the literature for many years,13 the chemical properties of such materials as 
vehicles for calcium hydroxide in dentistry has not hitherto been explored. This study has 
shown that PEG 400 is a suitable vehicle for calcium hydroxide, and gives higher pH values 
than can be achieved in aqueous solutions. Commercial medicaments which use PEG 
without water show higher measured pH and greater pH change in radicular dentine than 
those which contain PEG mixed with water, or water alone. The results of the present study 
also show the potential of anthocyanin staining as a method which can show pH fluctuations 
in root dentine caused by endodontic medicaments. Such experimental approaches may be 
useful to inform the development of products which can achieve the desired pH changes in 
the inner dentine for effective disinfection.  
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